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Chapter 1 

OUTER SOLAR SYSTEM SATELLITES 



IDENTIFICATION OF TWO CLASSES OF 10' S VOLCANIC PLUMES 

Alfred S. McEwen and Laurence A. Soderblom, U*S. Geological Survey, 

Flagstaff, Arizona 86001 

Comparison of Images of lo's surface, acquired by the Voyager 1 and 
Voyager 2 spacecraft, reveal that a major volcanic eruption, previously 
unnoted, occurred In the south-polar region of the satellite during the 
time between the two encounters* The fallout pattern from this 
eruption, centered on Aten Patera caldera (lat 48° S., long 311° W.), is 
virtually identical to that from a similar eruption, centered on the 
caldera named **Surt‘* (lat 45° N., long 338° U.), that also occurred 
between the two encounters (Smith et al., 1979b; Strom et al*, 1981). 
These two plume deposits and that of Peld (the first plume discovered; 
Morablto et al., 1979) are similar In scale and spectral properties, and 
ve believe that they form a class of plume eruption distinct from the 
smaller active plumes* The large plumes deposit red material over areas 
about 1,400 km In diameter and are probably shortlived, whereas the 
small plumes deposit bright white material over areas approximately 300 
km In diameter and are very longllved. Six small plumes were observed 
to be continuously active during both encounters, and simple probability 
Indicates likely minimum durations of about 3 years. Pelewas erupting 
during the Voyager 1 encounter but had ceased 4 months later when 
Voyager 2 arrived; Surt and Aten Patera were evidently Inactive during 
both encounters. 

The probable lifetime of a large plume is on the order of days, 
much less than the years that a small plume Is likely to be active* 

Other differences between the two classes of plume eruptions have 
Implications for basic geologic processes on lo. Evidence from the 
Voyager Imaging Experiment, the International Ultraviolet Explorer, 
ground-based telescopic spectra, and the Voyager Infrared 
Interferometric Spectrometer (IRIS) suggest that the smaller plumes have 
substantial amounts of associated SO 2 and eruptive temperatures of about 
300 K, whereas the large plumes are depleted rich In SO 2 and erupt at 
near 600 K (Slnton, 1980; Pearl and Slnton, 1981). 

Two general types of models have been proposed for the plume 
volcanlsm. In which either sulfur or SO 2 Is the driving volatile 
material (Smith et al., 1979; Reynolds et al., 1980; Kieffer, 1982). 

From recognition of the two classes of plume eruption, we now contend 
that sulfur, originating from deep reservoirs. Is the driving volatile 
material for the large plumes, whereas SO 2 In shallow reservoirs drives 
the small plumes. The mobility of SO 2 as a ground fluid would provide a 
continuous supply of volatile materials, and so the small plumes are 
very longllved. Sulfur, however. Is very fluid over only a narrow range 
of temperatures and pressures, and so this volatile supply would not be 
replenished, and the large plumes are shortlived. 

The distribution of these two plume classes suggests a globj:! 
asymmetry in lo's crust. Whereas the small plumes are concentrated In 
an equatorial belt around the satellite, the three large plumes and 
surface markings that suggest previous large plume eruptions all occur 
In the hemisphere centered on long 300° W. Ground-based observations 
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since 1926 have consistently noted that the longitude zone near 300** W. 
Is much darker and redder than the central and eastern longitudes 
(Morrison et al., 1979). (The fissure named "Lokl“ occurs where these 
areas overlap, and the two plumes erupting from the east and west ends 
of this fissure display attributes of both plume classes.) Where the 
large plumes dominate, darkness of the surface In ultraviolet Images 
suggests little SO 2 frost, and the surface Is covered by many huge lava 
flows. Elsewhere, near the Equator, where the small plumes are 
concentrated, brightness of the surface In ultraviolet Images suggests 
abundant SO 2 , and few lava flows are apparent. Continuous deposition of 
pyroclastic materials and SO 2 by the small plumes Is consistent with a 
low-density porous crust, whereas the crust near long 300° W. may 
consist mostly of lava flows. 
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REGOLITH OUTGAS3ING BY SULPHUR FLOWS ON 10 


Baloga, S.M. , Fieri, U.C. , Matson, D.L. , Jet Propulsion Laboratory, 
Pasadena, CA 91109 


Bright lateral surface markings often exist in close association with 
vol anlc features on lo. In previous studies (1,2), tie preferred the 
term "auras" for the bright distinctive rlbbon-like sMrkings adjacent 
to many of the sulphur flows observed in Voyager Images. These auras 
generally exhibit a relatively Intense Image near the inner boundary 
with the flow and a definite surface pattern correlation with flow 
morphology. Aural patterns gradually take on a nebulous character 
toward the outer boundaries and ultimately merge Into the image back- 
ground or the Drlght markings associated with other volcanic features. 

We attribute the formation of auras to volatile release activated by 
sulphur flows. Three altomative hypotheses for the origin of the 
volatile species have been examined : the regolith beneath the ob- 
served aura, the flow itself, and the regolith predominantly sub- 
jacent to the activating sulphur flow. By using high resolution Voyager 
mission data on the volcanic complex Patera , a suite of theoretical 
and geomorpho logical arguments indicates regolith outgassing from 
beneath the flow as the most likely hypothesis. Moreover, the fine 
structure of the analysis severly constrains reasonable choices for 
aural material candidates as highlighted below. 

Aura morphogenesis by volatile release from the regolith underlying 
the observed auras at Patera is precluded by the lateral dimensions 
of the auras, typically 10-20 km, and the heat transfer properties of 
the regolith (3). Regolith heating at such distances from the sulphur 
flow, followed by local volatile outgassing, requires a time scale 
exceeding 0(10^^) seconds. Aura formation processes requiring such a 
time scale are grossly inconsistent with the surface renewal estimates 
derived from global volcanic plume and sulphur flow averages (A, 5). 
Consequently, the activating flow itself and the regolith In Its 
immediate vicinity are the more likely hypotheses for the origin of 
aural materials. 

To examine the remaining two hypotheses, we evoke a stochastic-ballistic 
theory for the above-surface emplacement of molecular species. This 
theory considers volatile effusion as a stochastic process with ballis- 
tic trajectories between the origin and the point of emplacement in the 
aura. Using identical Independent Gaussian distributions for the ver- 
tical and lateral effusion velocity components, it can be shown that 
the lateral emplacement probability density is given by, 

w(x) - (ifL)'^ Ko (x/2L) , (1) 
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where Kg is the zeroth-ozder modified Bessel function of the eecond 
kind, L is the characteristic length, la the Gaussian 

variance, g denotes gravity at the surface of lo, and z indicates 
the distance from the sulphur flow. Due to the finite resolution of 
the Voyager images (1.25 km/pixel), isatching theoretical and observed 
aura intensity decay curves requires division of the cumulative 
emplacement probability implied by (1), 


|x/2L 

P(x) - 21f“^ \ Ko(s)ds , (2) 

into finite size intervals. With the modest assumption that the 
emplacement probability, the areal density of the aural deposit, and 
the image intensity are all proportional, this procedure allows us to 
compare theoretical and Voyager scan decay curves and quantitatively 
fix the length scale of the Intensity decay in the auras at Ra 
Patera . The histograms shown in Figure 1 are an example of this 
matching process, where the dotted histogram indicates the theoretical 
curve for L - 9.7 km and the solid histograms represent the envelope 
of Voyager observations in the violet filter for one particularly well- 
expressed aura. Numerous fittings and analyses of observational noise 
lead to a best estimate of L « 12 km for this aura with L ■ 15 km 
being the most reasonable upper bound. 

To relate the resulting length scale to the physical properties of the 
effusion source, we borrow the random velocity O' > ^V.T/tn from the 
kinetic theory of gases. For a given molecular species, the observed 
length scale of the aural decay thus fixes a characteristic effusion 
temperature of the source. Table 1 gives a partial listing of materials 
that might be found in the bright aural markings and the characteristic 
temperatures using our best estimate of L • 12 km. 

TABLE 1 


Compound 

Mass (amu) 

Eff. T 

SO 2 

64 

166 

H 2 S 2 

66 

171 

Ns2S4 

174 

451 

Ss 

256 

664 


By noting that the activating sulphur flow solidifies at about 384K, 
these calculated effusion temperatures differentiate the source of 
the effusion by molecular species. Molecules with temperatures less 
than sulphur solidus evolve from the regollth subjacent to the flow, 
while those above issue from the flow itself. 
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We have examined many more candidate aural materials than shown in 
Table 1, and, complemented by a variety of morphological arguments, 
precluded all species issuing directly from the flow itself. With 
additional considerations such as degree of volatility, spectral 
properties, and chemical abundance on lo, we suggest that SO 2 
liberation from the regollth beneath the flow is the most likely 
hypothesis for explaining the existence of the auras at Ra Patera. 
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THE EJECTION OF MATERIAL FROM 10 


Carl B. Pilcher, Institute for Astronomy and 
Department of Physics and Astronomy, 

University of Hawaii, Honolulu 

We have reduced a group of ~ SO images showing directional features 
in lo's sodium cloud, selected from our full data set of ~ 180 images. 

The images were selected on the basis of their anticipated value in pro- 
viding constraints on possible models for the sodium ejection mechanism. 
The data reduction process encompasses the following steps. The data, 
including images of the scattered Jovian background radiation, are first 
digitised from the photographic plates. The data values are converted to 
intensity and the background images are then subtracted from those showing 
the sodium emission. A low pass filter is applied to the resulting images 
and these results are displayed as hard-copy contour plots. For images 
that are to be subjected to detailed numerical analysis, the two- 
dimensional instrument response function (which is non-uniform for optical 
reasons) is calculated. This function is then applied as a correction to 
the data. 

Models of the process producing the directional features are being 
developed in collaboration with H. Smyth of Atmospheric and Environmen- 
tal Research, Inc. (Cambridge, Massachusetts). Our hypothesis is that 
sodium is collisionally swept from the trailing hemisphere of lo's bound 
atmosphere by the nearly corotating heavy ion plasma. The swept sodium 
forms a hollow core which is projected onto the sky ahead of lo. In the 
absence of an asymmetric sodium sink, this projection would lead to the 
observation of a pair of directional featurss, oblique to and symmetric 
about lo's orbital plane. An asymmetric sink is provided, however, by the 
plasma torus, which oscillates north-south about lo's position owing to 
the tilt of the Jovian dipole. When the plasma is largely to one side of 
lo, neutral sodium in the corresponding directional feature rapidly under- 
goes electron Impact ionisation. Six-and-one-half hours later, when the 
plasma has reached the other extreme of its north-south oscillation, 
sodium in the other directional feature is similarly ionised. The appar- 
ent result is in general a single directional feature that spnears to 
oscillate about lo's orbital plane tilth a period equal to lo's magnetic 
period. The time lag between plasma symsietry with respect to lo and fea- 
ture symmetry with respect to the orbital plane is determined by the 
details of the ejection and ionisation processes. We are using a set of 
observations that show the feature moving through its symmetry point to 
constrain the parameters in this model. 

Variations in the overall intensities of the directional features can 
be due to variations in the sodium density in lo's bound atmosphere or to 
changes in the plasma density. The root of both of these effects is 
likely a variation in lo's volcanic activity. Dramatic evidence for such 
a variation is contained in images, acquired during a 4-day Interval in 
February 1980, which show anomalously bright sodium emission surrounding 
lo and anomalously prominent directional features. Images of the S*" com- 
ponent of the plasma torus obtained on the same nights may help us under- 
stand the origin of this unusual occurrence. 
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VOYAGER SURFACE AND DISK- INTEGRATED PHOTOMETRY OF 10 


0. Simonelli and J. Veverka, Laboratory for Planetary Studies, 
Cornell University, Ithaca, N.Y. 

To date most of the colors on lo have been explained in terms of 
various forms of elemental sulfur and sulfur compounds, including 
SO 2 frost. One difficulty with the universal conviction that the 
surface of lo is rich in elemental sulfur is that laboratory measure- 
ments show the spectral reflectance curves of sulfur ailotropes to be 
temperature-dependent. For example, Gradie et a] . (1RS2J find that 
measurable changes in reflectance and color should accompany diurnal 
and post-eclipse changes of surface temperature on lo, if the surface 
contains appreciable amounts of the brighter sulfur allotropes (es- 
pecially $ 3 ). So far no such variations have been noted either in 
normal Voyager coverage (Veverka et al . . 1982), or in the post- 
eclipse sequences (Veverka et al . , 19^1 ). Before concluding that 
Sg and other bright allotropes are not present in sufficient 
amounts to affect the satellite's spectrum, one must consider the 
possibility that the requisite temperature effects do occur, but that 
they are masked by some compensating peculiarity of lo's photometric 
properties. In part to resolve this question we have begun a compre- 
hensive determination of lo's disk-integrated and disk-resolved 
photometric properties. 

Photometry of Individual Regions : Preliminary analyses (Clancy and 

Danielson, l98l; Hc^wen and Soderb lorn, 1982; Veverka et al ., 1982) 
have not produced any evidence that lo's photometric properties are 
in any way peculiar. At least the small phase angle Voyager data 
(ot < 20°; cf. Fig. 2) can be represented well by simple scattering 
functions, including Minnaert's equation (Figure 1). In our initial 
analysis we have chosen a three-component color classification sys- 
tem, labeling regions as either white , orange , or brown (where the 
brown material is confined largely to the polar regions). Figure 1 
shows that the observations for the "orange" and "brown" regions can 
be described extremely well by a simple Minnaert law. The scatter in 
the "white" region data is larger, but a Minnaert fit is still ade- 
quate on average. The values of the limb darkening coefficients, and 
their dependence on the phase angle (Table 1) are reasonable. Thus, 
there is no indication that there is anything peculiar about the 
photometric properties of typical regions on lo. The relatively 
larger random scatter in the white region data (Fig. 1 ) most likely 
indicates that our classification in this case is too coarse. The 
random nature of the scatter does not suoport the idea that the white 
areas are photometrically peculiar in some systematic way. 
Disk-integrated Photometry ; Figure 2 shows the disk-integrated 
brightnesses through the Voyager orange and clear filters on a magni- 
tude scale, graphed vs. phase angle. The low phase angle data have 
been rotation-corrected using the earth-based rotation curves pub- 
lished in Morrison and Morrison (1977). The phase coefficient for lo 
(appror'"iate to the wavelength region covered by the Voyager clear 
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and orange filters) derived from earth-based observations, .02 
mag/deg (Morrison and Morrison, 1977), fits the low phase angle 
Voyager data well (Figure 2). The high phase angle data allow us for 
the first time to directly compute the phase integral q. We find 
q » 0.75 0.2 in both the orange and clear filters. The liberal 

error barT are due to the lack of coverage at phase angles between 
20* and 100*. This value for q compares favorably with the earth- 
based determinations of q summarized in Table 12.2 of Morrison 
(1977); pre-Voyager estimates of q centered on either 0.6 or 0.9, 
although Morrison adopted a nominal value of 0.9 0.2. 

This research was supported in part by NASA Grant NS6 7156. 
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TABLE 1. Minnaert parameters (Bq and k) for lo 
Violet Filter (X » .41 ym); Subspacec 'ft longitude = 20° 


Image Phase Angle 

(FDS No.) a (deg) Bq k 


16345.24 

4.9 

White 

.439 


.009 

.60 


.02 



Orange 

.285 


.003 

.70 

1 

.02 



Brown 

.152 


.002 

.72 


.01 

20592.05 

8.8 

White 

.39 

+ 

.01 

.55 

+ 

.02 



Orange 

.241 

4- 

.004 

.70 

■4- 

.03 



Brown 

.138 

+ 

.003 

.74 


.02 

16292.33 

14.5 

White 

.37 


.01 

.55 

X 

.03 



Orange 

.248 


.004 

.81 

t 

.04 



Brown 

.146 

+ 

.004 

.81 


.03 


Note: Errors are the least squares standard deviations. 


10 


ORIGINAL t^ACL* 

OF POOR QUALITY 


nSl«34S.24 (ViolM Rltir) 


“r 



Fig. 1. Minnaert plot for the 
three classes of colored 
regions in image FDS 16345.24 
(Violet Filter; X * 0.41 pm). 
For each class, the solid 
line is a least-squares fit 
to a curve of the form 
I/F cos e » Bq(cos i cos e)k, 
where i is the incidence angle 
and e is the emission angle. 



Phast Anqit (dtgrtts) 

Fig. 2. Disk-integrated phase curves for lo (Voyager orange and clear 
filters). The disk-integrated brightness of the satellite has been com- 
puted on a magnitude scale with an arbitrary zero point. The low phase 
angle data have been rotation corrected using the earth-based rotation 
curves of Morrison and Morrison 0977). Straight lines have slopes of 
0 * .02 mag/deg, the phase coefficient determined from telescopic observa- 
tions. The approximate effective central passbands of the clear and 
orange filters are 0.48 and 0.59 urn respectively. 


11 



ORIGINAL PAGE » 
OP POOR QUALITY 


REFLECTION SPECTRUM OF LIQUID SULFUR AND ITS IMPLICATION 
FOR 10 

R.M. Nelson* D.C. Fieri* D. Nash* and S.M. Baloga 
Jet Propulsion Laboratory 
Pasadena* California 91109 


We have measured the spectral reflectance from 0.38 
to 0,75um of a column of liquid sulfur (figure 1) at 
several temperatures between the melting point (‘wll8°C) 
and 173®C, Below 160®C the spectral reflectance was observed 
to reversibly change as a function of the temperature, 
without regard to the previous thermal history of the 
column. Once the temperature exceeded 160°C, the spectrum 
would not change given a subsequent decrease in temperature. 

Our results show that at all temperatures at which 
liquid sulfur exists, its spectral reflectance ( 0. 35<0. 75um) 
measured is quite low, the maximum being 19$ at 118®C 
( X=0. 75um) (figure 2). When this result is compared to the 
spectrophotometry of selected areas on lo reported by the 
Voyager Imaging Team (Soderblom et al. , 1980; Clancy and 
Danielson, 1981) ’.re conclude that all those lo areas are 
too reflective to be liquid sulfur except for the regions 
classified as "black caldera floor material" which have 
reflectivities of <25$ of all /oyager camera wavelengths. 

Molten sulfur at any temoerature would be classified as 
black by the Voyager imaging results. 

These black areas consititute approximately 5$ of Io*s 
total surface area (Carr at ^. , 1978). However, groundbased 
thermal infrared studies put a fractional limit of = lO"** 
for temperatures higher than 77®K (Morrison and Telesco, 1980). 
Since liquid sulfur must be hotter than 77®K, only -0,2% 
of the black spots observed on lo by Voyager could be 
molten sulfur. This implies that +he remaining black spots are 
solid and subject to resurfacing from other volcanic deposits. 

If so* given resurfacing rates reported by Johnson et al. 

(1979)* then the lifetime of a typical black spot (once 
solidified) is about lO** years. Using rates estimated 
by Fieri e_t al. (1982) reduces that estimate by a factor of 10. 
Both rates assume that 1 cm. of covering material is the 
minimum required to obliterate a black spot. 

The finding that liquid sulfur at any temperature appears 
black to the Voyager cameras has several additional implications 
for lo voicanism. First, the uniform and low albedo of molten 
sulfur allows that active sulfur calderas need net have been 
heated to the temperature range of black sulfur, but could 
have any range of temperatures above 118®C. This is consistent 
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with the range of temperature-dependent flow morphology 
observed (Fieri ^ al,, 1982), Furthermore, some isolated 
flows on lo ap|.ear quite dark in the Voyager imaging data. 

These could either be quenched black sulfur flows or active 
liquid flows with little or no overcrusting (Fieri et al,.1982) 
although thermal data (Morrison and Telesco, 1980' severely 
limit the area which may be liquid sulfur. 

Finally, (a) if flows existed on lo during the Voyager 
encounters, (b) if quenching does effectively preserve the 
original allotropic colors (Nelson and Hapke, 1978), and 
(c) if the varigated and systematic color-morphology 
associations in flows are indeed the result of cooling of 
sulfur lavas (Sagan, 1979; Fieri et 1982; Baloga 

et ^ , 1982), then nearly all flows on 1<, were either inactive 
at the time of the Voyager encounters, or most of the active 
flows were roofed over by quenched sulfur cx-usts. 

Several outstanding questions remain. It has yet ot be 
shown that large masses of sulfur will retain their color 
upon quenching. Ultrapure sulfur with »*espect to carbon 
may be required in order to preserve this jffect. If so 
then such conditions must be consistent wxth the lo 
environment. In particular, it must be reconsidered with 
the presence of other surface materials, most notably 
the sulfide j of sodium and sulfur dioxide. 

This work performed under NASA contract at the Jet Propulsion 
Laboratory of the California Institute of Technology . 
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FIGURE CAPTIONS 

Figure 1 . The special glass column depicted in this figure 
was constructed in such a fashion that it was possible to 
fill the column with powdered sulfur and measure the re- 
flection spectrum of a 3.8 cm thickness of molten sulfur 
through a fused silica window at one end. The column was 
filled unler argon with USP grade sublimed sulfur manu- 
factured by Mallincrodt Inc. It was evacuated, sealed and 
wrapped in heater tape over its entire length, except for 
the topmost portion and the window. Figure 1 shows a sketch 
of the glassware. The temperature was monitored by an 
iron-constantan thermocouple in contact with the glass 
on the side of the column near the window. The temperature 
was regulated by a temperature controller activated by 
a thermistor wich was also in contact with the glass near 
the window. The spectral reflectance of the top surface 
of the column of sulfur liquid was measured through the 
window using a Beckman DK-2 recording spectrophotometer 
in the spectral range 0.375 to 0.75 microns. 

Figure; 2. Reflection spectra of the top of the molten 
liquid column at selected temperatures. Below 160®C 
the color changed as a function of temperature. Once the 
column was heated above 160°C, the color would not change 
if the temperature was lowered again to just above the 
melting point. 
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COLORS OF LAVA FLOWS AT RA PATERA. 10 


D.C. Fieri. S.M. Baloga. and R.M. Nelson 
Jet Propulsion Laboratory 
Pasadena. California 91109 

Morphology and qualitative color observations have 
been used to argue that long (> 150 km) sinuous, radially- 
oriented flows at Ra Patera are the result of the eruption 
of molten sulfur in a temperature range of 400 to 525^K. 
(Fieri et 1981. Baloga at . 1981), We have sug- 
gested that radiative cooling is the predominate heat-loss 
preocess for such volcanic features and have shown that 
morphology and color transitions occur at approximately 
the correct distances (±10$) as would be expected for 
molten sulfur erupting at about 500®K for the Main Flow 
at Ra Patera. Other flows exhibit different morphologies 
as well as a range of color sequences and thus a range 
of initial effusion temperatures is likely to be involved 
(Fieri ^ . 1982). 

We have classified flows at Ra Patera and elsewhere 
on lo using flow morphology and color sequence. "Complete 
flows" show the full sequence of color and morphology 
associated with sulfur lavas (Fieri ^ 1981 , 1982; 

Baloga et al., 1981, 1982; Fink and Greeley, 1982, and 
Sagan, 197TT. "Incomplete flows" show truncated color 
sequences, that is they do not exhibit the complete range 
of morphology and color associated with an initial eruption 
of the high tec perature allotrope (i.e, red-black sulfur). 

At Ra Patera, two kinds of incomplete flows exist--those 
that start as dark red or black sulfur and do not show 
transition to the lower temperature allotrope (orange) 
and those that, because of color and morphology observations, 
appear to have originated as lower temperature and less 
viscous sulfur, initially. 

In support of these studies we have compiled detailed 
photometric data on the flows at Ra Patera and at other 
places on lo, using high resolution decalibrated Voyager 
Imaging data. Some results of this effort are shown in 
figure 1. Here we present color data for the Upper, Middle, 
and Main Flows at Ra Patera which are depicted in the 
sketch map in figure 2, Figure 1 shows Voyager narrow angle 
orange to blue ratios versus downflow distance for the 
darkest part of the flow determined from transverse scans. 
Evident are clear systematic trends in the data consitent 
with a progressive change to higher albedo allotropes as 
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one moves away from the caldera. This trend appears in all 
three examples* On the basis of these data alone we can 
conclude that brightening occurs downflow consistei.t 
with allotropic transitions. Upper and Middle Flows appear 
to show colors consistent with primarily dark red to 
black sulfur near the caldera changing progressively 
to red sulfur downslope. The tightly sinuous morphology 
of these two flows is also consistent with composition 
mainly of dark high-viscosity (10**cp) sulfur. These 
two are incomplete flows. The Main Flow at Ra Patera, 
however, appears to be a complete flow erupting as red- 
black sulfur and terminating with a distal accumulation 
of orange sulfur. 
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FIGURE CAPTIONS 

Figure 1, Blue to orange Voyager broadbai.d filter data 

ratios are presented on the vertical axis versus downflow 
distances for the Upper, Middle, and Main Flows at 
Ra Patera. 


Figure 2, Sketch map of Ra Patera showing the locations 
of the flows discussed in the text. 
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EXPERIMENTAL INSIGHTS INTO THE LACK OF IMPACT CRATERS ON EDROPA 
Greeley, R, , Fink, Geology Department, Arizona State University, Tempe, 

AZ, 85287, and Gault, D.E., Murphys Center for Planetology, Box 833, Murphys, 
CA 95247. 

The surfaces of the icy satellites of Jupiter exhibit a wide range of 
impact crater densities, ranging from the intensely pitted surface of Callisto 
to the relatively smooth surface of Europe. These differences have generally 
been ascribed to variations in either crustal properties or degree of 
bombardment among the satellites. The lack of many visible craters on Europa 
has been attributed to their slow viscous relaxation in a solid ice crust 
having relatively high heat flow (e.g., Parmentier and Head, 1981), similar to 
the process of palimpsest formation proposed for Ganymede by Smith et al. 
(1979). Based on impact experiments, Greeley et al. (1982) and Fink et il. 
(1981b) proposed that palimpsest formation may involve a nearly instantaneous 
relaxation of craters excavated in crusts with relatively fluid rheological 
properties. Crustal evolution models for the Galilean satellites (e.g., 
Cassen et al., 1980) have generally rejected the possibilty of a liquid water 
mantle during all but the earliest parts of their histories. Moxe recent 
calculations suggest, however, that Europa may have preserved a liquid mantle 
until quite recently (Squyres et al., 1983). Hence the possibility arises 
that the paucity of visible impact craters on Europa nay be due to initial 
crater relaxation or resurfacing phenomena associated with impacts into a 
planetary surface comprised of a liquid mantle overlain by a thin brittle 
crust . 

As part of our ongoing series of investigations at the NASA Ames Vertical 
Gun Range into cratering processes on icy satellites, we conducted a series of 
18 experimental impacts using layered carbowax (Polyglycol 600) targets. 
These targets consisted of 25 cm of transparent liquid carbowax (melting point 
= 21 C) overlain by frozen carbowax layers ranging in thickness from 5 to 
40 mm. Impacting pyre a projectiles (density =2.3 g/cm*) had diameters of 6 
or 13 mm (1/8 or 1/4 inch), and velocities ranging from 0.91 to 2.27 km/s. 
Impacts took place within a vacuum chamber where the pressure wae maintained 
between 10 and 20 mm Hg (1 mm Hg=133 Pa), and the temperature was kept between 
25 and 30 ®C. 

Crater morphology and evolution were quite varied and depended upon 
crustal layer thickness, projectile diameter and velocity. For constant 
crustal thickness and projectile diameter, increasing projectile velocity led 
to a progression from (1) bowl-shaped craters entirely within the crustal 
layer, to (2) bowl-shaped craters that barely penetrated the liquid substrate, 
to (3) craters that penetrated well into the substrate, to (4) craters that 
totally fragmented the crustal layer. A similar progression was sugge«* d by 
a series of experiments in which projectile conditions were kept nea«': 
constant while crustal thickness was steadily decreased. However, 
verification of this latter trend requires further experiments. 

Experiments of type (2) led to craters that had central pit-like 
depre sions (Fink et al., 1981a), left by the draining back of small amounts 
of liquid substrate material. In case (3), penetration of the substrate was 
followed by forceful ejection of h 'plume' of liquid carbowax that filled in 
the crater bowl, sometimes overflowing and smoothing the initially cratered 
surface. For the case of total disruption (4), the fragments of crust floated 


20 


ORIGINAL PAGE «8 
OF POOR QUALITY 



oa the surface, eventually aeltiag. In one experiment, the liquid substrate 
was heated to 42 C before the impact, and the crustal layer fragmented at an 
anomalously low projectile velocity. 

Previous experimental impacts into targets with solid surfaces overlying 
liquid substrates (Greeley et al., 1982) demonstrated that the cratering 
process could vary from that characteristic of solid targets to that of liquid 
targets, depending upon the thickness of the crustal layer and the projectile 
properties. Impacts into liquids with thin or negligible surface layers 
produced craters that disappeared shortly after formation, leaving only a ring 
of bubbles or other signs of disruption. Similar results occurred for thicker 
crusts if the projectiles had sufficient energy. 

Extending these results to the cratering record of Europe, or lack 
thereof, requires s series of caveats about scaling (see, for e.g., Greeley et 
al., 1982). Nevertheless, based on our experiments we may qualitatively 
suggest that the presence of a liquid mantle beneath a relatively thin ice 
crust on Europe could explain the paucity of visible impact craters through 
two mechanisms. Large impact events would essentially 'ignore* the presence 
of the crust and produce a transient crater that immediately relaxed 
hyd-rodynamically. The *scar* or disrupted zone could then refreeze, leaving 
very little residual topography. Smaller impacts could punch through the 
crust, followed by the ejection of water in either a liquid or solid state 
which could then cover the surface of the surrounding crust. These deposits 
might then themselves tend o even out topography through slow viscous flow. 

Additional experiments are planned to further quantify the relationships 
between crater morphology and crustal layer properties and thicknesses. In 
particular, experiments should be run at reduced temperatures to try and 
simulate resurfacing and re-freezing processes. 
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GEOLOGICAL STUDIES OF ICY SATELLITES: EUROPA AND ENCELADUS 
Steven W. Squyres, Ray T. Reynolds, Patrick H. Cassen, NASA Ames Research 
Center, Moffett Field, CA 94035, and Stanton J. Peale, Dept, of Physics, 
University of Califormia, San’-.a Barbara, CA 93106. 

A number of models have been suggested for the evolution and present 
state of Europa (1,2,3). We have recalculated its thermal state, and have 
obtained results consistent with a largely dehydrated silicate interior, 
an overlying ocean of liquid water tens of km thick, and a surface layer 
of ice with a mean thickness of roughly 10 km. The model incorporates 
radiogenic heating, and tidal heating in both the silicate core and the 
ice shell. The crustal thickness is found to be similar to but less than 
the minimum value that would permit solid state convection. If convection 
occurred, it would cause rapid heat loss and freezing of the ocean (4). 

Our results are different from those of previous models for three reasons. 
First, we consider tidal heating in both the shell and the interior 
(Cassen ^ (2,3) neglected dissipation in the interior; Ransford et al . 

(1) neglected tidal dissipation altogether). Second, we use a value of 
Q=25, appropriate for long period oscillations of the Moon (5), rather 
than 0=100 (2,3). Finally, we use a value of the ice activation energy 
constant E/kT^elting'^S, which is favored by Weertman (6) and indicated by 
study of viscous crater relaxation (7), rather than 18 (2,3). 

The theoretical calculations are consistent with a liquid ocean 
beneath the ice, but for confirmation we must turn to the observational 
evidence. The surface of Europa shows v/i despread evidence for fracturing 
of the icy crust (8). Fracturing of the crust, caused by tidal flexure 
or membrane stresses, would result in boiling of exposed water and 
deposition of the vapor as recondensed frost. Several observations 
provide evidence for an active frost layer. First, the paucity of impact 
craters indicates very rapid viscous relaxation (9) and near-surface 
temperatures substantially greater than the solar equilibrium temperature. 
A frost layer, with its very low thermal conductivity, would help to 
maintain high near-surface temperatures. Second, the photometric function 
of Europa is quite different from that of impact regolith of equal 
reflectance on Ganymede and Callisto (10), but consistent with a tenuous 
frost layer. Finally, the observation of SO^ on Europe's trailing 
hemisphere (11) is explained as a result of implantation of maanetospheric 
sulfur ions concurrent with deposition of H 2 O. From the observed SO 2 
column density we calculate a minimum global mean H 2 O frost deposition 
rate of roughly 0.1 microns per year for Europa. 

Saturn's small icy moon Enceladus shows evidence for several 
episodes of geologic resurfacing spread over much of its history (12). 
Tectonic features very similar to the grooves on Ganymede are also 
observed, suggesting that Enceladus' crust, like Ganymede's, has undergone 
extension. Extension was probably caused by freezing of H 2 O in the 
interior. Lithostatic compressive stresses are very small on Enceladus 
due to the low gravity, making it unlikely that the grooves there are 
grabens. Resurfacing took place by eruption of fresh material, perhaps 
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containing NH-, to the surface. Melting in the interior may have been made 
more likely by the presence of NH,, as the H2O-NH- system has a eutectic 
point at 173°K. Tidal dissipation seems to Pe the only heating mechanism 
capable of melting Enceladus. Assuming thermal conductivity like that of 
pu‘"e HpO ice, the orbital eccentricity would have to be higher by a factor 
of 5 to 7 than the present value of 0.0044 to maintain a molten interior. 

It may have to exceed the present value by as much as a factor of 20 to 
cause melting in an initially frozen body. Recent experimental work (13) 
suggests, however, that inclusion of a small aiiiount of NH- could lower 
the conductivity as much as an order of magnitude. If this were the case, 
an eccentricity increase of at most a factor of 8 would suffice to 
initiate melting, and a molten interior could perhaps marginally be 
maintained by the present eccentricity. 
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SPECTRAL ANALYSIS OF TOPOGRAPHY ON GANYMEDE 
Robert E. Grimm, Dept, of Geological Sciences, University of Tennessee, 
Knoxville, TN 37996, and Steven W. Squyres, NASA Ames Research Center, 
Moffett Field, CA 94035. 

Ganymede's bright resurfaced terrain is thought to have formed as the 
result of global extension (Smith ^ , 1979), probably caused by 

internal phase- changes between ice polymorphs during differentiation 
(Squyres, 1980). Parmentier et , (1982) have argued that the bright 
bands originated as large grabens that were flooded and filled with clean 
ice deposits. It is not clear, however, whether the grooves that are so 
common in the resurfaced material represent long, very narrow grabens, 
extension fractures, or ductile necking features. Regular groove spacing 
is commonly observed and could result from extension of a brittle surface 
layer over a viscous layer, causing a necking instability that might 
rasult in any brittle deformation being concentrated at regular intervals 
vFink end Fletcher, 1981). Squyres (1982) has pointed out that regular 
spacing might also result from rapid formation of a cooled, strengthened 
zone around an extension fracture immediately after its formation. In 
either case, the geothermal gradient at the time of deformation has been 
shown to be directly related to the spacing of grooves. Quantitative 
determinations of groove spacing might therefore be used to constrain 
this important indicator of planetary evolution. 

In addition, it has been suggested that colder overall temperatures 
within the crust could substantially increase the stresses resulting from 
extensions, causing increased deep crustal normal faulting (Squyres, 

1982). For this reason, one might expect topography in tectonically 
deformed areas to be less regular in the polar regions, where colder 
temperatures might result in extensive disruption of any regular groove 
pattern by propagation of deep normal faults to surface. If, instead, 
no variation of morphology with latitude exists, it may ind’aate the 
presence of a regolith with unexpectedly strong insulating properties. 

In order to perform a quantitative statistical analysis of groove 
spacing and morphology on Ganymede, we have adopted a spectral analysis 
technique, taking Fourier transforms of a large number of photmetric 
profiles across groove sets, and examining the resultant power spectra 
for the position and strength of peaks representing periodicities. 

Approximately 160 tracks perpendicular to the trend of groove sets 
from 28 Voyager images were selected for study. These images provide a 
nearly complete sample of all the groove sets observed at moderate to 
high resolution by the Voyager cameras. Groove sets selected for study 
had to satisfy a uniqueness criterion: namely, that no grooves within 

a given set could be traced unbroken into adjacent sets. One represen- 
tative track was chosen within each groove «et. Grooves that were not 
nearly parallel were avoided, as were areas that were extensively 
cratered. In addition, features of less than a few wavelengths were not 
used, e.g., single grooves and groove pairs. Because of the lack of 
stereo coverage and the unsuitability of many images for detailed photo- 
clinometric analysis, digital photometric intensities as recorded by 
the Voyager cameras through clear filters were considered to correlate 
with the relative amplitudes and wavelengths of surface topography. 
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Anomalous contrasts in reflectivity therefore had to be avoided, such as 
those due to bright ejecta. Similarly, those groove sets judged not to 
have adequate contrast to be clearly resolved from noise were not used. 
The latitude, longitude, and scale (in km per picture element) of each 
track were calculated using subspacecraft point coordinates and image 
frame orientation from the Voyager final SEDR document and using the 
photogrammetric control points of Davies and Katayama (1981). 

For each desired cross-groove photometric track, a set of five 
adjacent parallel tracks was summed, bandpass filtered, and tapered in 
the spatial domain in order to reduce the effects of regional shading 
trends noise, aliasing, and sidelobes in the wavenumber domain. The 
power in a given spatial frequency is proportional to the square of the 
modulus of its Fourier transform: 


A(k) = /:^ A(r)e*=''''"'dr 

(1) 

P(k) = Re^{A(k)) ♦ Im2(A(k') 

(2) 


At the time of this writing, we have completed track selection and 
data reduction, and are begining data anlaysis. A sample cross-groove 
track and its power spectrum are showo in Figures 1 and 2. This spectrum 
shows a peak at approximately 0.3 km” (about 3 km wavelength), although 
much of the power is dispersed at higher frequencies. Since we wish to 
look for variations in groove spacing and morphology with latitude, power 
spectra within a given latitude band will be averaged and compared with 
other latitutdes. The spectra will also be statistically analyzed with 
respect to viewing geometry parameters and spacecraft range in order to 
reveal any hidden systematic errors. When completed, this work will 
provide a global picture of the variation of groove spacing on Ganymede. 

Acknowledgment: This work was supported in part by the NASA 

Planetary Geology Undergraduate Research Program. 
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PEDESTAL CRATERS ON GANYMEDE: INTERIOR MORPHOLOGY 

Vicki M. Horner and Ronald Greeley^ Department of Geology, Arizona State 
University, Tempe, AZ 85287 

High resolution Voyager images of Ganymede show a class of fresh craters 
distinguished by ejecta with a sharp terminus (1,2,3; fig* 1). Grooves a^e 
sometimes recognizable beneath the ejecta; however, crater interiors appear un- 
disturbed by the grooves. The ejecta thus appears to have conformed to pre- 
existing topography during emplacement* Although earlier named ’’rampart 
craters” (4), we suggest that the term ’’pedestal craters” better describes the 
appearance of this ejecta morphology* 

Our data base consists of 185 craters, ranging in diameter from 6 to 89 km* 
They were identified from Voyager 1 and 2 images with resolutions from 0*5b to 
1*49 km/pixel and solar incidence angles >40^* There appears to be no correla- 
tion of the normalized ejecta extent (d^/d^; the ratio of ejecta diameter to 
the crater diameter) with latitude or longitude* Although it can be inferred 
from the data that a correlation exists between d^/d^ and ter’-ain types 
(grooved terrain and dark cratered terrain) the difference i'5 not statistically 
significant (3). 

The interior morphology of the craters may provide cj.ues to the relative 
strength of the impact target (5,6)* Figure 2 compares the distribution of 
central peaks and pits for pedestal craters on Ganymede ^ith martian craters. 
The percent frequency curve for the distribution of central peaks for martian 
craters represents the fluidized ejecta craters* The curve for the distribu- 
tion of central pits for martian craters is comprised of all fresh craters 
within a region* 

Although the frequency of martian craters with central peaks increases over 
the diameter interval from 5 to 30 km, the frequency of central peaks in 
Ganymede pedestal craters decreases in this interval from a high of 91% for 
diameters 10 to 15 km* This can be interpreted either as an effect f differ- 
ing surface gravities ol the result of different target materials* Several 
researchers (6,7) suggest that gravity has a minimal effect on differences in 
crater interior features; thus, it appears that target materials of Ganymede 
are more conducive to the formation of :entral peaks than are martian target 
materials* 

Figure 2 also shows the distribution of central pit craters on Ganymede and 
Mars* In general, pit crater frequency increases with diameter; however, on 
Mars central pits occur in smaller craters* 

1* Lucchitta, B.K* (1980) Icarus 44 , 481-501* 

2* Strom, R*G* ^* (1981) £* Geophys * Res * 8b : 8659-8674. 

3* Horner, V.M. and R* Greeley (1982) Icarus 51 (in press)* 

4. Horner, V.M* and R. Greeley (1981) NASA TM 84211, p* 82-84 (abstr*). 
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7* Malin, M.C. and D. Dzurisin (1978) Geophys * Res * 233-243. 
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Figure 1. High resolution Voyager 2 image (FDS 20638.59) showing several 
pedestal craters on Ganymede (arrows). The scale bar represents 50 km. 
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Figure 2. The percent frequency of central peaks and pits for fresh martian 
craters and Ganymede pedestal craters, (1) is from Mouglnls--Mark, 1979, 

(2) is taken from Wood et al., 1978, and (3) represents the Ganymede 
pedestal craters, N is the total number of craters involved in each 
survey. For the pedestal craters, N represents the tot?T number of 
craters with an unambiguous interior morphology. 
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EVIDENCE FOR MOBILITY OF »A1SR ICE ON OVLLISTO 
John R. Spencer, Lunar and Planetary Lab., University of Arizona 

Tucson, AZ 85721 

Voyager 1 images of Callisto provide good coverage of ^ north polar 
region. These images reveal that many high*latitude craters have an 
ancozdous iqppearance, in that their south-facing slc^s, tilted towards 
the sun, are darker than their north-facing slopes (figure 1) . This 
effect is present, to a variable extent, in most regions above about 
50^, with anonalously-bright slopes facing fairly consistently 
northward (figure 2) . Voyager 2 images of Callisto do not show high 
latitudes favorably and, probably for this reason, do not reveal the same 
{Aienonienon. Neither spacecraft imaged Callisto *s south polar region. 
Bright north-facing slc^s are not readily visible on Voyager Ganymede 
images either, but again, this may be due to unfavorable viewing geometry. 

The likely explanation for this phenomenon is that north f«^ing 
slc^s, because of their lower mean tenperatures, have accumulated 
deposits of a bright volatile, presumably water ice. An adaptation of 
modelling performed by Squyres (1980) shows that this is a reasonable 
mechanism. Squyres calculated one-way diurnally-averaged sublimation 
rates (neglecting re-inpact of sublimating molecules) for ice on the 
Galilean satellites as a function of latitude. Assuming a typical 
interior crater wall slope of 15^, then for the purposes of teiperature 
determinations, the 'effective latitude* of the north- facing interior wall 
of a crater at 60^ will be 75^, and of the south-facing wall, 
45^. Applying Squyres* values for meem sublimation rates at these 
latitudes, it is clear that there is a large imbalance in the rates on 
opposite sides of the crater (figure 3). As the mean jump distance for a 
sublimating molecule is about 50 km (Purves and Pilcher, 1980) greater 
than the diameter of most Callistozun craters, frost buildip on the south 
interior wall is almost inevitable given a sipply of surface ice and an 
absence of more effective redistribution processes. The presence of 
bright deposits on north- facing slopes is thus confirmation that ice 
migration on Callisto, at least on a local scale, is dominated by 
insolation-controlled tenperature variations. 

Theoretical models of ice transport on Callisto (Purves and Pilcher, 
1980) predict substantial migration of ice from equatorial to temperate 
latitudes over the age of the solar system. Callisto* s striking visual 
homogeneity in latitude (tigure 4), is thus remarkable, especially when 
contrasted with Ganymede and its well-developed polar Cc^s. Squyres 
(1980) attributed the lack of latitudinal brightness variations to a 
paucity of surface ice available for migraticm, but the present 
observations show that Callisto* s bright areas, at least, are icy and that 
the ice is capable of local migration ZK;ross the surface. In addition, 
earth-based reflectance spectra of Callisto have been interpreted as 
indicating a minimum of 30 wt.% free water ice on tlte surface, intimately 
mixed with silicates (Clark, 1980). At present, the problem of Callisto* s 
homogeneous appearance is still unresolved - for a full discussion, see 
^>encer and Maloney (1983) . 
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VOYAGER GANYMEDE STELLAR OCCULTATION AND SURFACE ICE TEMPERATURES 
John R. Spencer, Lunar and Planetary Lab., University of Arizona 

Tucson, A2 85721 


Int roduction In the past few years, several papers discussing ice 
stabrfity *arS~"transport on the Galilean satellites have been published 
(e.g. Lebofsky 1975, Purves and Pilcher 1980, Squyres 1980, Spencer and 
Maloney, 1983) . An uncertainty in these models has always b^n the actual 
surface tenperature of the ice on the satellite surfaces, which is 
dependant on ice albedo, emissivity, and tberraal properties, none of which 
are well known. Because of the extreme variation of ice veipor pressure 
and evaporation rate with temperature, these temperature uncertainties 
result in large variations in possible transport rates. A direct 
observational constraint on ice tenperatura can, however, be obtained by 
consideration of the tenuous water vapor atmo^eres that these bodies 
must possess due to the finite vapor pressure of the exposed ice. 

In the case of Ganymede, an upper limit on the surface pressure of an 
equilibrium water vapor atmosphere has been obtained from the Voyager 1 
UVS stellar occultation. Interpretation of this u^ser limit, however, 
requires some knowledge of the behaviour of Ganymede's tenuous, 
vapor-pressure controlled H 2 O atmosphere. 

^ characteristic time for the adjustment of the 
atmospheric density to changing conditions is given by the ratio of the 
atmospheric column density to the surface sublimation rate. Both 
quantities are proportional to vapor pressure, so the adjustment time has 
rw pressure dependance, and can be simply shown to be given by equation 1; 


Where H is the scale height and v the mean atmospheric molecular 
speed. For a tenperature of 150®K, implying a water vapor scale height 
of 43km, this gives a characteristic time of about 8 minutes. Processes 
affecting the atmospiiere with substantially longer time constants will not 
greatly disturb atraosphere/surface equilibrium. As Ganymede's rotation 
period is 7.2 days, the atmosptiere can adjust effectively instantaneously 
to diurnal toipe mature variations. 

Pilcher (1979) considered loss mechanisms for an H 2 O atroo^E^re 
around lo. He concluded that thermal escape would be negligable, and that 
UV photolysis would remove molecules with a time constant of about 40 
days. He also predicted loss rates due to sputtering by charged particles 
in Jupiter's magneto^here that are severed orders of magnitude smaller 
than the rates of thermal evaporation from the surface. Loss by this 
mechanism at Ganymede should be smaller still. Therefore, in the ed:>8ence 
of other major loss mechanisms, Ganymede's H 2 O atmo^ere should be in 
equilibrium with ttie surface below it at all tiroes. 

Equilibrium entails the surfex:e atmo^>heric pressure being equal to 
the vapor pressure of the exposed ice, and this is true whether the ice is 
continuous or segregated into patches surrounded by non-volatiles. The 
reason is that at equilibriimi the downward flux of molecules impacting the 
surface will be the same for both the icy and non-volatile regions. 



provided that the scale of segregation is enta.ller than the mean molecule 
jump distance, which is 2 ibout 50 km (Purves and Pilcher, 1980) . This flux 
will equal the i^jward flux from the ice patches, which is determined 
solely by the ice vapor pressure and thus tenperature. 

The surface p'-essure of Ganymede's H 2 O atmosphere at any point on 
the surface can thus be used as a probe of ice temperature, without 
requiring assconptions about the ice's eroissivity, thermal properties, 
detailed surface distribution, or albedo. Ice vapor pressure as a 
function of temperature in the tenperature range of interest has been 
determined experimentally by Bryson et. al. (1974). Their data is shown 
in figure 1, together with the extrapolated curves from the International 
Critical Tables (1926-1933) and the CRC Handbook of Chemistry and Physics 
(1971) that have been used in previous studies of ice stability and 
mobility. 

Voyager Stellar CXx:ultation by Ganymede Occultation ingress occurred at 
12.1^, 13.5^^w]i at a local time of 1:30 pm (Ganymede hours) over a 
mixture of bright and dark terrain (figure 2) . Assuming a water vapor 
atmosphere at 150^, an upper limit on the surface pressure of about 3 X 
10"® rabar can be derived. (All data from B.R. Sandel, pets, comm.) 
This limit is only a weak function of the assumed temperature. Using the 
Bryson et. al. vapor pressure curve, this gives an upper limit to the 
surface ice tenperature in this region of 146°K. Figure 3 conpares this 
tenperature u^per limit to various theoretical estimates of the surface 
temperature at this latitude and time of day on Ganymede's surface. 
Equilibrium tenperature is shown for two different possible emissivities, 
as a function of albedo, which varies with terrain type and incidence 
angle. The occultation occurred at a solar incidence cuigle of 26*^, at 
which the average albedos are about 0.26 and 0.32 for cratered and grooved 
terrain respectively (Squyres 1980, 1981) . Temperatures for aver^lge light 
grooved and dark cratered terrain, derived from the thermal modelling of 
Squyres (1981) are also indicated. 

The occul tat ion-derived upper limit to the ice tenperature is slightly 
below all tliese theoretical estimates. A likely reason for this is that 
the ice is somewhat segregated into bright patches so that its albedo is 
higher, and its temperature lower, than the 'average' surface. With the 
current data the decree of segregation and consequent lowering of ice 
tenperature cannot be ascertained, but further data on the atmospheres of 
Ganymede and the other Galilean satellites, from Galileo for instance, 
could powerfully constrain ice temperatures and, consequently, models of 
surface ice transport. 

Acknowledgement I wish to thank Dr. B.R. Sandel for generously providing 
and reducing unpublished Voyager UVS data necessary for this study. 
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Figure 2 Map of the ingress region for the Voyager UVS 
stellar ocx:uItation by Ganymede. Itie light-path at 
(Xx:ultation is shown up to one scale-height above the 
surface at either side of the contact point. Dark terrain 
is stippled, l-iean molecular jump distance is about 50 tan. 
80 atmospheric pressure will not affect surface ice 
tenperature variations on scales much smaller than 50 tan. 
Taken from Voyager I image PDS 164 C .1.2 2 


Figure 1 vapor pressure as a 
function of tenperature. The 
expressions given in the 1971 CSC 
Uardbook and the International Critical 
Tables, extrapolated from 
highei-taiperature data, are con|>ared 
with the experimental data of Bryson et. 
al. and curves fitted to this data. The 
break in the fitted curve corresponds to 
an assumed ice phase change at 153^ K 



Figure 3 Comparison of the Bryson et. al. 
vapor pressure curve with the deduced upper limit 
for U 2 O atmospheric pressure at the occultation 
point, and various theoretical surface 
temperatures. See text for full description. 
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ABSOLUTE AGES AND FLUX HISTORY FOR THE SATURNIAN SATELLITES 


J.B. Plescia, Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, CA 91109 

J. M. Boyce, NASA Headquarters, Washington, D.C. 20546 

Previously we have reported the results of the crater density determinations 
for the various terrain types on the Saturnian satellites: Mimas, Tethys, 

Diene, Rhea (Plescia and Boyce 1982a) and Hyperion, Tethys, Enceladus and 
lapetus (Plescia and Boyce 1982b). Thus, we have established the relative 
chronologies for the major events on each body. A more complete understanding 
of the geologic histories of the Saturnian satellites requires an estimation 
of the absolute flux rate of impacting bodies over time. In this way observed 
crater densities can be correlated with absolute time. 

Several effects must be taken into account in order to compare crater 
densities between satellites. These :''clude the gravitational focusing of 
projectiles by Saturn (Smith £t £l . , 1982), a gradient in the cratering rate 
from the apex to antapex of motion on a tidally locked satellite (Shoemaker 
and Wolfe, 1981, Smith et al., 1981, 1982) and the viscous relaxation of large 
crater topography (Johnson and McGetchin, 1973). The gravitational focusing 
effect of Saturn produces an increase in the cratering rate with decreasing 
orbital radii such that the rate on Mimas in approximately 20 times that on 
lapetus. Table I lists observed crater densities for various satellite 
surfaces, while Table II lists the same data after correction for the focusing 
effect nomalized to the flux at lapetus. The gradient in cratering rate from 
the apex to antapex and viscous relaxation do not apoear to have affected the 
macroscopic craters viewed or tne satellites. 

In developing a theoretical cumulative flux history we have made several 
assumptions. These include, first that the shape of the curve resembles that 
of the Moon (Neukum and Wise, 1976) - An initial rapid decay of the impact 
flux over the first few hundred million years until about 3.85 b. y. ago 
then a linear decrease to zero over the subsequent period. The second 
assumption is that Population I craters were produced during the initial rapid 
fall off and that Population II craters formed during the subsequent period of 
linear decay. The location of the bend in the curve is based upon the density 
at which the slopes of the observed cumulative size-frequency distributions 
indicate a change from Population I j^o II 2 For craters larger than 20 km 
diameter this is about 25 craters/10 km . These assumptions are supported 
by results from outer solar system orbit evolution studies (Shoemaker and 
Wolfe, 1981). 

Using the crater densities listed in Table II and the flux history outlined 
above; the ages listed in Table II are indicated. These data suggest that the 
majority of satellites have ancient surfaces, in excess of 3.8 b. y.. 
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Rhea, Mimas, Tethys, Hyperion, and lapetus all have ancient surfaces. Any 
internal activity which occurred on those bodies transpired over a very short 
period of time, just a few hundred million years after formation. Enceladus 
has had a prolonged geologic history extending over billiors of years, with 
the oldest regions being nearly 3.8 b. y. old and the youngest craterless 
areaf being no more than a few hundred million years. Two intermediate age 
plains units on Enceladus are expected to be about 1.7 and 3.0 b. y. old. 

Dione has had a history that extended over a relatively shorter period of 
time. The youngest unit on Dione, material associated with the fractures, is 
estimated to be about 3.25 b. y. old. The intermediate unit is about 
3.6 b. y. old and the oldest unit about 3.9 b. y. old. The relatively young 
age for the south pole of Mimas represents a resurfacing event which occurred 
about 3.7 b. y. ago. This probably represents a large impact event rather 
than an internally driven process. The young age for the co-orbital 1980S3 
most likely records the impact event which split a larger object into the two 
smaller co-orbitals. 

A comparison of the Lunar flux history with the Saturnian satellite impact 
flux history proposed here suggests that the flux of impacts was significantly 
lower in the Saturnian system, i.e., a factor of 2-3 lower at Mimas than on 
the Moon. This is consistent with orbital evolution calculations made 
recently by Shoemaker (oral communication) for outer solar system debris. 
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VOYAGER PHOTOMETRY OF SATURN'S SATELLITES 

B. Buratti, J. VeverLa, P. Thomas, Laboratory for Planetary Studies, 

Cornell University, Ithaca, NY 14853 

Saturn's satellites exhibit a wide range of albedos (0.05-1.0) and 
of surface scattering properties (Table 1). Figure 1 shows the normal- 
ized disk -integrated phase curves of Enceladus, Mimas, Tethys, Olone, 
and Rhea derived from Voyager Imaging observations. In Figure 2 these 
phase curves are compared with those of Europa, Ganymede, Callisto, and 
the Earth's moon. There is a general tendency for darker objects (Moon, 

Callisto) to have steeper phase curves than brighter bodies (Enceladus, 

Europa). 

Since the brightness of the satellites varies with orbital longi- 
tude, the data in Figure 1 have been corrected for this effect using the 
method of Noland et al . (1974). Rotational brightness variations de- 
rived from Voyager data for Rhea, Dione, and Tethys agree well with 
telescopic observations (Franz and Millis, 1^75; Noland et al . (1974); 
those of Mimas and Enceladus, which were poorly known from Earth, are 
shown in Figure 3. Voyager observations indicate that tfe amplitudes of 
the rotational lightcurves of these two objects do not exceed 0.20 
magnitudes (about 20%). 

While the photometric properties of Phoebe, and even Dione and 
Rhea, can be adequately described by a lunar-like scattering law, those 
of Tethys, Mimas, and especially Enceladus, are more complicated and in- 
volve significant Lambert-like components. Figure 3 shows scans across 
the photometiic equators of Rhea and Enceladus. If the data are fitted 
using a simplified photometric function of the form 

I/F « Af(a) (1 - A) uo 

• '■^0 


TABLE 1. Disk-integrated Properties: Voyager Clear Filter 0,47 urn) 



Geometric 

Phase 



Phase Coefficient 


albedo 

. p 

Integral, q 


pq 

(mag/deg) 

Mimas 

0.6 i 

0.1 

0.8 ± 0.1 

0.5 

i 0.1 

0,021 1 0.001 

Enceladus 

1.0 ± 

0.1 

0.8 i 0.1 

0.8 

± 0.1 

0.017 ± 0.002 

Tethys 

0.71 ± 

0.07 

0.9 t 0.2 

0.6 

± 0.2 

0.014 1 0.002 

Dione 

0.47 ± 

0.08 

0.5 - 0.1 

0.2 

1 0.1 

0.023 t 0.002 

Rhea 

0.53 : 

0.05 

0.46 i 0.06 

0.2 

± 0.1 

0,016 ± 0.002 

Phoebe 

fO.060 i 

0.005* 

^ 0.4 


0.02 

f0.033 i O.OOi 


1^0.046 t 

0.005 


1.0.036 ± 0.002 


•Values correspond to the brighter and darker areas of Phoebe (Thomas 
et d ■ . , 1982). 
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where I/F is the fraction of reflected radiation, f(a) is the phase 
function, Uq and u are the cosines of the incident and emission 
angles, and A is a parameter such that A => 1 corresponds to a lunar 
photometric function and A « 0 corresponds to a Lambert function, we 
find that for Rhea A = 1.0 is a good fit, whereas for Enceladus the 
best fit is 0.30. 

The photometric pioperties of Enceladus have been studied in detail 
to search for photometric differences among the different geologic ter- 
rains. We find a marked uniformity of albedoes, colors, and scattering 
properties over Enceladus* geologically varied surface. Although some 
albedo variations of up to 10% occur in low-resolution Voyager 1 images, 
the albedoes of the four major geological units imaged in the Voyager 2 
near-encounter sequence (cratered terrain, cratered plains, ridged 
plains and smooth pi a. ns) differ by 1-2% or less, even though the ages 
of these units probably differ by more than a factor of ten (4.5 to 0.1 
billion years?). The lack of correlation of spectrophotometic proper- 
ties with terrain type suggests that the optical characteristics of 
Enceladus are determined by an ubiquitous surface layer of relatively 
recent age. The high Geometric albedo implies that the surface layer is 
remarkably free of opaque material and is much more backscatteri ng than 
is common for natural or laboratory frost layers on Earth. 

This research was supported by NASA Grant NSG 7156. 
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Fig. 2. Comparison of 
tht phast curves in 
Fig. 1 with those of 
Europe. Ganytntdt, 
Callisto, and the Noon. 
The data for Ganymede 
and Call isto are from 
Squyres and Veverica 
( 1981 ) , the lunar data 
from Lane and Irvine 
(1973) , and the Europe 
curve from Buratti and 
Veverka (1982). 


Fig. 3. Brightness variations ^in 
magnitudes) as a function of orbital 
longitude for Enceladus and Nimas 
derived from Voyager images. All 
measurements have been corrected to 
a phase angle of 6^ using the ohase 
coefficients listed m Table 1. 
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THE ALBEDO MARKINGS OF lAPETUS 

Steven W. Squyres, NASA Ames Research Center, Moffett Field, CA, and Carl 
Sagan, Cornell University, Ithaca, NY 14853. 

Voyager images of Saturn's moon lapetus (1,2) confirm deductions made 
from Earth-based observations of a very dark leading hemisphere and a 
very bright trailing hemisphere (3,4). The darkest area lies at the apex 
of orbital motion, with a gradual increase in albedo toward the antapex. 

The trailing hemisphere is substantially (about 10 times) brighter than 
the apex, and the poles somewhat orighcer still. The observed albedo 
distribution resembles the calculated areal variation of the trans-saturn- 
ian meteorite flux (5) remarkably closely. Dark areas correspond to 
regions with the highest calculated flux. While there is at least one 
dark-floored crater on the bright trailing hemisphere, no bright-floored 
craters are apparent anywhere on the dark leading hemisphere. 

Several hypotheses have been proposed to account for the albedo 
asymmetry of lapetus. Cook and Franklin (5) suggested impact erosion of a 
thin ice veneer from the leading hemisphere of a dark essentially silicate 
body^2®^^ Voyager measurements show the density of lapetus to be 1.16+0.09 
g cm"'^ (2), indicating a bulk composition of ice, not silicates. Soter (6) 
suggested that the leading hemisphere is coated with dark material 
ejected from Phoebe by impacts and dragged toward Saturn by the Poynting- 
Robertson effect. This hypothesis is inconsistent with both the large color 
differences between lapetus and Phoebe (7) and with the observation of 
dark-floored craters on the trailing henisphere. Smith et (2) have 
suggested that dark carbonaceous material may have been extruded to the 
surface preferentially on the leading hemisphere. However, for the pattern 
of eruptive material to so closely match that of the meteorite flux would 
require a coincidence of remarkable proportions. The dense N^-CH^ atmo- 
sphere of Titan implies that NH^ and CH. were incorporated in that body 
when it formed. It is likely, then, that lapetus contains significant 
amounts of methane and ammonia, as CH.'XH20 and NH-'H^O. We propose that 
the dark material on lapetus is composed of organic cnromophores produced 
from CH^-rich ice. 

Surface material on lapetus will experience ballistic diffusion from 
regions of high impact flux to regions of low impact flux. Depending on 
the amount of material coming from Phoebe, the impact mass flux may vary 
fron leading to i railing hetni sphere by as little as a factor of 2 or as 
much as a factor of 100. The low gravitational acceleration of lapetus 
allows impact ejecta to travel large distances. Particles on the leading 
hemisphere will have a high probability of being ejected and landing on 
the trailing hemisphere, but a smaller probability of being returned by 
subsequent impacts to the leading hemisphere. The impact flux gradient 
across the body will therefore result in a net ablation of material from 
the leading hemisphere ard a net accumulation of impact ejecta on the 
trailing hemisphere. Because CH^XH20 is much more volatile than the other 
ices, the net result of many impacts will be to strongly oeplete any 
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accumulated regolith in CH^. 

Ultraviolet irradiation of water ice and simple organic ices at lape- 
tus ambient temperatures (about 77°K) is known to yield a variety of more 
complex organic products (8); despite the low temperature there is sub- 
stantial free radical mobility. Visible wavelength organic chromophores 
that might be expected to form on prolonged UV irradiation of CH^/NHo/H20 
ices on lapetus include conjugated polyenes, polyaromatic hydrocarbons, 
and porphyrins. We calculate that very modest quantum yields are required 
to allow UV darkening to keep pace with ablation by impacts on the leading 
hemisphere. 

A thin dark layer rich in organics can be maintained only on a 
surface that experiences no net accumulation of impact ejecta. This is 
because, after a sufficient number of impacts, the ejecta will have been 
distilled by the impact process, depleting it of CH. and leaving it 
permanently bright. Where net ablation takes place, ^the surface will be 
dark, as ice not depleted in CH. is continually exposed to UV irradiation 
by removal of overlying material. Where net deposition takes place the 
surface will be bright, as the accumulating material will have been 
depleted in CH-. The process determining whether ablation or deposition 
dominates is ballistic diffusion, driven by the impact flux gradient. 
Because the albedo of a surface element depends on the relative rates of 
exposure of CH.-rich darkenable ice and of deposition of CH.-poor non- 
darkenable ice, the surface albedo contours should follow the impact flux 
contours, as observed. The dark-floored crater on the trailing hemisphere 
may be readily understood of it is a young feature: an impact has rela- 
tively recently penetrated the bright regolith, exposing CH.-rich ice 
which has been UV-darkened but which has not yet had time to be buried 
under bright deb'^is. 

The surfaces of the uranian satellites probably also contain CH. 
and NH^, so that the darkening process proposed here may function there as 
well. "^Because there is no known source of retrograde debris in the 
uranian system, these satellites should lack the strong albedo asymmetry 
of iapetus. Low albedos have in fact been reported very recently for 
several of the uranian satellites (9). Conceivably, UV darkening is also 
responsible for the very low albedo of the uranian rings, as the very low 
gravitational acceleration of the ring particles would prevent accumulation 
of a CH.-depleted regolith. There will be an opportunity to investigate 
these possibilities when Voyager 2 encounters Uranus in 1986. 
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PHOEBE: VOYAGER OBSERVATIONS 

P. Thomas and J. Veverka, Laboratory for Planetary Studies, Cornell 
University; 0. Morrison, University of Hawaii; M. Davies, Rand Corpora- 
tion; T. V. Johnson, Jet Propulsion Laboratory. 

Voyager 2 obtained images of Phoebe for a period of 24 hours from a 
range of 2 x 10® km. These data provide information on the size, 
rotation rate, surface markings, and photometric properties unavailable 
from earth-based observations. The average equatorial and polar diam- 
eters are 220 20 km, but topography of 10-20 km probably exists. The 

rotation was monitored by observation of bright spots and by disk- 
integrated brightness variations (Fig. 1), yielding a prograde period of 
9.4 ± 0.2 hours. Because of the limited resolution of the images (11 
pixels across the disk) crater counts cannot be made, but a high crater 
density cannot be ruled out. The geometric albedo of Phoebe varies with 
longitude from 0.046 to 0.060 (clear filter, X= 0.47 urn) (Table 1). 

The most prcxninent surface markings are brighter patches at high north- 
ern and southern latitudes that have reflectances as much as 50% greater 
than the dark, bland areas. These patches are scattered and do not 
appear to constitute polar caps. They may represent materials exposed 
by impacts. Even the brightest have reflectances of less than < 12%. 

The Voyager color data (Fig. 2) agree with earlier ground-based spectra 
and show that Phoebe has a flatter spectrum than does the dark side of 
lapetus; this observation is not consistent with simple contamination of 
lapetus by debris from Phoebe. 

This research is suppotMied by NASA Grant NSG 7156. 

TABLE 1 : Phoebe Photometric Results 

(Voyager Clear Filter: 0.47 urn) 



Geometric 

Albedo 

Phase Coefficient 
mag/ deg 

Bright Hemisphere 

0.060 

0.033*1 

1 

^ disk-integrated 

Dark Hemisphere 

0.046 

0.036 J 


Bright Equatorial 

0.055 

0.022 ^ 

1 intrinsic 

Dark Fquatorial 

0.043 

Liqhtcurve Amplitude 
i a 0® 0.29 mag 
a * 24^ 0.36 mag 

0.02S , 

f 
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q, 1: Disk-integrated 

lightcurves of Phoebe. 
Numbered symbols refer 
to successive rotations. 
Period » S.l hours rela- 
tive to spacecraft, cor- 
responding to a sidereal 
period of 9.4 hours. 


a) Assuming a phase 
coefficient of 3 = 0.033 
mag/deg appropriate to 
the brighter areas on 
Phoebe (Table 1 ) . 



b) Assuming a phase 
coefficient of 3 = 0.036 
mag/deg appropriate to 
the darker a'^eas (Table 1). 
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X (/i.m) 

Fig. 2: Colors of Phoebe, Hyperion, and dark region 

of lapetus, normalized to Voyager green filter. 

All Voyager 2 data. 
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Chapter 2 

ASTEROIDS AND COMETS 
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The United Kingdom - Caltech Asteroid Survey 
S* J« ExxBy £• F* Helin, R« S. Dunbar^ and E. M« Shoemaker 
California Institute of Technology 

J. Dawe, J. Barrow, M. Hartley, D. Morgan, K. Russell and A. Savage 
Royal Observatory of Edinburgh 


The U*K,-Caltech Asteroid Survey (UCAS) is a systematic survey for 
faint minor planets carried out with plates taken with the U.K. 48~inch 
Schmidt telescope at Siding Spring, Australia. The long-term goal of the 
survey is to establish accurate orbits for about 1,000 faint asteroids 
sufficient for their recovery and for physical observations at any time in 
the future (orbits meeting the requirements for numbering and for yearly 
publication of ephemerides) • One immediate objective is to estimate the 
population of faint Mars-crosslng asteroids with the precision needed to 
calculate collision and cratering rates on Mars, and thereby to establish 
the absolute chronology of the cratering and geological time scales on 
Mars. Longer term objectives include determination of the distribution of 
compositional types among small main belt asteroids, especially among the 
small members of the principal Hirayama families. The planned launch of 
the Infrared Astronomical Satellite (IRAS) was a further incentive to 
establish accurate orbits for faint asteroids so that the observations from 
IRAS could be utilized to determine albedos and sizes for an extensive 
sample of small asteroids. 

The basic strategy of the initial UCAS survey was to photograph a 
12® X 18® area of sky repeatedly for a period of 3 months. An area of sky 
this large was closen in order to reduce the percentage of objects lost by 
motion beyond the photographed field. Six individual Schmidt fields, each 
6.5® X 6.5®, are required to cover this area with some overlap along 
adjoining edges of the fields. This coverage is similar to that of the 
previous Palomar-Leiden Survey (PLS) for faint minor planets of Van Houten 
et al. (1970); however, in order to sample objects in high Inclination 
orbits with less bias than the PLS, the long edge of the photographed area 
was oriented north-south. The area surveyed extends from ecliptic 
latitudes +2® to -16®. In order to follow the motions of the asteroids, 
the plate centers were shifted to follow the average component of motion of 
main belt asteroids parallel to the ecliptic plane. Weather patterns, the 
positions of the ecliptic and galactic planes, and the locations and phases 
of the moon were all factors considered in planning the timing of the 
photographed f ields . 

A total of 85 photographic plates for UCAS were obtained from February 
to May, 1981. Hydrogen-soaked 14 x 14 inch Kodak IIla-.T plates were 
exposed with a Schott glass GG-395 filter. Exposures varied in length from 
45 minutes to 70 minutes to reach a preferred central sky density of 1.0 
above fog. Sensitometry spots were applied to all the plates during their 
exposure in the telescope to aid in photographic photoraelty of the 
discovered objects. The initial observing scberae called for photographing 
the entire 12® x 18® area twice during each of the dark moon periods in 
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February and May, and at least three times daring the dark periods In March 
and April* The center of the photographed area was selected to pass 
through opposition on March 20* This corresponded approximately to the 
equinox, and also to full moon* Thus, the surge In the brightness of 
objects due to the opposition effect was, to some extent, avoided* The 
three sets of observations in both March and April were to be spread over 
at least 10 days* From these observations, short arc orbits could be 
independently calculated for both March and April, which would simplify the 
process of linking observations from one dark period to the next* Weather 
encountered at Siding Spring during the months of the survey, however, did 
not allow for this strategy to be completely followed* Four observations 
spanning arcs of 10 to 14 days were obtained In the March dark period, but, 
in many cases, only one good observation In April was available* The 
photographs taken In February and May are adequate to determine three month 
arcs for most asteroids discovored. although the February and May 
observations were also adversely affected by the weather* 

The plates were quickly inspected after processing to find any objects 
which needed Immediate followup* Any asteroid whose motion would not be 
followed by the average shift of plate centers could be followed up 
Independently* Comet 1981b was discovered by this Initial scanning, but no 
specially fast-moving asteroids were found* Glass copies of the original 
plates were made at the U*K* Schmidt Telescope Unit* The originals and one 
set of copies were then sent to Caltech/JPL for reduction* 

To date, the plates taVen during March and April have been visually 
scanned and all measurable asteroid trails have been Identified* The 
probability of detecting an asteroid trail by the visual methods used Is 
about 98 percent for objects at least 0.5 magnitude above the plate 
limit. Owing to the exigencies of seeing conditions, the plate sensitivity 
varies considerably between some of the exposures, so that many faint 
asteroids are recorded only on the best plates* 

Astrometric positions are being measured with the X-Y measuring engine 
of the Mt * Wilson - Las Campanas Observatories* Conversion from 
rectangular to celestial coordinates Is made using plate constants 
det**rmlned from a second-order fit to approximately 50 reference stars 
distributed over each plate* Typical residuals from the fits made to the 
reference stars average 1.4 arcseconds. Owing to the small number of 
observations obtained during April, short arc orbits are only determined 
from the March observations* An ephemerls Is generated from this or.Mt to 
Identify the objects In April, leading to a refined orbit determined from 
the one month arc. The ephemerls generated from the one month arc will 
then be used In linking observations from February and May* These 
measurements, preliminary orbits, and preliminary rough estimates of the 
visual magnitudes are being reported to the Minor Planet Center of the 
Smithsonian Ast rophyslcal Observatory for publication In the Minor Planet 
Circulars* 

At the time ot writing, plates taken in March and April of the two 
southern most fields had been measured and orbits for 185 asteroids had 
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been calculated* All but one or two of theae asteroids are unnumbered. 

All of the objects have inclinations above 4* , owing o the ecliptic 
latitudes of the field tudied. Four of the new asteroids are Mars- 
crossers and one is an Earth-crossing Amor (Table 1). The Amor (1981 ET3) 
was discovered near apheliloni at which time its apparent motion resembled 
that of main-belt asteroids. Several of the asteroids found have been 
linked to objects discovered in the Palomar-Leiden Survey. 

On the basis of the asteroids detected in scanning the plates from 
March and Aprils we expect to obtain a minimum of 1,000 orbits for which 
the observed arc will span 2 to 3 months. Approximately 500 more objects 
will be reported with orbits based on relatively short arcs. In the coming 
years the main task of the survey will De to obtain observations at future 
apparitions and from plates taken in previous years, in order to establish 
reliable orbits for the long term. Observations for 1982 apparitions are 
now being taken on the Palomar 48-lnch Schmidt. The Earth-crossing Amor 
(1981 ET3) was recovered in 1982 and its orbit is now secure. Once the 
ascrouictry and initial orbit calculations have been completed, an attempt 
will be made to determine accurate magnitudes for all objects from 
measurements by a high precision scanning densitometer. Where feasible, we 
will determine approximate phase coefficients for each asteroid observed. 



Table 1. 

Planet 

-crossing 

asteroids 

discovered to date 

In the UCAS 

Survey 

Asteroid 

q(AU) 

a(AU) 

e 

1 

B(l.O) 

»/ 

A^CAU) 

2/ 

AjCAU) 

1981 EF3 

1.022 

1.769 

0.422 

22*. 16 

-15.5 

-0.685 

-0.027 

UCAS 3210 

1.646 

2.319 

0.291 

7*. 97 

-17.0 

-0.078 


UCAS 3169 

1.659 

2.368 

0.300 

12*. 08 

-15.5 

-0.037 


1981 EJ5 

1.702 

2.200 

0.226 

4*. 94 

-16.0 

-0.056 


1981 EC3 

1.783 

2.357 

0.244 

7*. 74 

-17.0 

-0.027 



deepest overlap of the orbit of the asteroid with the orbit of 
Marb along the radius vector to the node as calculated by the method of 
Williaois (1969, 1979). A negative value indicates that the radius vector to 
the asteroid orbit at the node is less than the radius vector to the orbit of 
Mars. 

_^/ Ao is the deepest overlap of the orbit of the asteroid with the orbit of 
the Earth, as calculated by the method of Williams. A negative value * f 
indicates that the asteroid is an Earth crosser, capable of colliding ,ith the 
Earth solely as a consequence of secular perturbations of the orbits of the 
asteroid and the Elarth. 
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A STCX:HASnC MODEL OF REGOLITH 
EVOLUllON ON SMALL BODIES 


Kevin R. Housen 

Shock Physics and Applied Mechanics, f 'S 13-20 
Boeing Aerospace Company 
Seattle, Washington 

The geological evolution of small solar-system bodies has been dominated largely by 
impact cratering. A major consequence of impacts on f^ese bodies is the formation of 
regoliths. Models of regolith evolution have been constructed (Housen et al., 1S79; 
Langevin and Maurette, 1980), but have consistently approached the problem from a 
determinate point of view. A statistical approach, adopted here, necessarily yields a 
wider body of information, 

Consider a fictitious population oi a large number of initially indistinguishable asteroids. 
Each body is subjected to the same impacting-projectile population. The amount of 
regolith developed on any given asteroid depends primarily on three factors. (1) The 
number of craters as a function of size. For example, a body which ha:, been pelted by 
many small impacts should develop less regolith than an asteroid with a ),u-ger proportion 
of big craters because large craters are the ones responsible for creating new regolith via 
excavations into bedrock whereas small craters merely rework existing regolith. (2) The 
order or occurrence of craters. The regolith should be relatively deep if the largest 
craters form late in the evolution. If they occur early, then much of the regolith they 
generate will be ejected from the asteroid by numerous small impacts. (3) The relative 
positions of craters. As mentioned above, new egolich is generated when craters 
puncture through the existing debris layer and excavate bedrock. On some bodies the 
larger crate: s will, by chance, occur in the regions where the regolith layer is very thin 
compared to other areas on the surface. Such bodies will develop more regolith than 
those asteroids on which the large craters preferentially formed in the deeper parts of the 
debris layer. These three quantities are all random variables, i.e., we canrtot exactly 
predict the number of craters produced on an asteroid (even tnough an average crater flux 
might be specified exactly), their order ol occurr-nce or their relative positions. Thus, 
corresponding to each body iS a unique surficial distribution of regolith depths. 


57 



The distribution of regolith depth can be determined by. considering the evolution at a 
randomly chosen point on the surface of an asteroid selected at random from the 
population of bodies. The depth is a random vairable for the three reasons mentioned 
above and because the surface point was chosen as random. The probability that the 
depth is less than some value, x, is denoted by P(x,t), where t denotes the evolution time. 
P(x,t) can be found by noting that the probability that the regolith depth is less than x at 
time t+dt is just the sum of two components: fl) the probability that the depth was less 
than X at time t and that there were no cratering events which affected the depth in the 
time interval dt and (2) the probability that the depth was less than some value, say x-u, 
at time t and that a cratering t /ent occurred in dt which changed the depth by an amount 
u. That is, 

X 

P(x,t+dt) = P(x,t) (1-Adt) + Xdt J' P(x-u,t) g(u) du (1) 

“OO 


where A dt is the probability that a cratering event affected the regolith depth at the 
point in the time interval dt (Poisson statistics), and g(u)du is the probability that the 
depth was changed by an amount u during the event. Note that A is just the rate at which 
events occur. The function g is determined by crater and ejecta blanket morphology. 
Taking the limit as dt approaches zero one finds 


X 

~5T "' ^^t ' ^ ' " ■ * f P(x-u,t) g(u)du (2) 

-oo 

Housen (1981) has shown that if an asteroid does not experience a net gain of mass in an 
impact then P becomes independent of time, for large t. That is, the regolith settles into 
a state of statistical equilibrium. A characteristic time, t^, required to reach equilibrium 
is given by 


t 

e 


= m 


2^2mj A 


(3) 
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where and m2 are the first two moments of the function g, i.e., the mean and variance 
of the change in regolith depth caused by a cratering event. Values of t^ and estimates of 
mean lifetimes against collisional fragmentation for several sizes of asteroids are listed in 
Table 1. For most sizes of bodies the time to reach equilibrium vastly exceeds the 
fragmentation lifetime and even the age of the solar system. These bodies are 
fragmented long before equilibrium can be attained. Hence, regolith models which 
assume equilibrium are questionable (e.g., Duraud et al., 1979). 

The probability distribution of regolith depth at the time of a catastrophic fragmentation 
can be found from equation (2) by numerical methods. An example of such a numerical 
solution is shown in Figure 1, which apphes to a 300 km diameter rocky asteroid. The 
mean regolith depth is found to be 3.3 km. The probability density function, i.e., the 
probability that the regolith depth is in some interval dx, is shown in the figure as a 
dashed curve (with no vertical scale). The broadness of this curve implies the regolith 
depth varies considerably about the mean value. In fact the standard deviation of the 
regolith depth is roughly equal to the mean. Thus, models of regolith evolution should 
addres*: more than just average values. Note that the large standard deviation results 
from variations in regolith depth over the surface of any given asteroid and from 
variations between "otherwise similar" bodies. Housen (1981) has shown that these two 
compKJnents of variance are comparable in magnitude. 

The mean regolith depth for three sizes of rocky asteroids and a Phobos-size body 
comprised of a much weaker material are listed in Table 1. The largest asteroids should 
develop several-kilonr.eter thick debris layers. The depth decreases for smaller bodies 
because more ejecta escape and because the collisional lifetimes are shorter. Rocky 
asteroids smaller than a few tens of kilometers in diameter should develop very little 
regolith. The Phobos-size body is able to generate a substantial debris layer because 
ejecta velocities are rather low in the assumed weak target material. Note that Veverka 
and Thomas (1979) estimate the regolith depth on F .obos to be of order 100m in 
agreement with the estimate given in Table 1. 

In all cases th» standard deviation is comparable to the mean. These large stochastic 
variations should give rise to large differences in regolilths for asteroids of similar size. 
As a result, spacecraft imagery of asteroids can be expected to reveal a wide variety of 
surface morphologies. Indeed, the observed morphological differences between Phobos 
and Deimos may be largely attributable to "statistical fluctuations." 
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Asteroid 


Time to reach Fragmentation Mean depth 

equilibrium lifetime at frag. 


1000 

km, rocky 

800 b.y. 

TOO 

km 

50 

100 

km 

1 

20 

km. weak 



5 

b.y. 

7.2 

km 

2.5 


3 

km 

1.5 


600 

m 

1 

a 

m.y. 

80-100 

m 


300 kRt Rocky Asteroid 



RE60LITH DEPTH « X (km) 


t 

■f 



1 


Figure 1: The probability distribution of regolith depth for a 300 km diameter rocky 

asteroid. 
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ICE-POOR RE60LITH DEVELOPMENT AND DESTRUCTION ON SHALL ICY-DUSTY OR ICY-ROCKY OBJECTS, 
F.P. Ftnale and J.R. Salvail, Planetary Geoaclencaa Division, Hawaii Institute of Gaophy- 
aica. University of Hawaii at Hanoa, Honolulu, Hawaii 96822. 


Dsvalopnant of ice-poor/si I i cat a- rich Mantles'* on cometary objects has been 
described by aeveral investigators and has been the subject of at least one detailed quan- 
titative nodal (Brin & Mendis, 1979; Brin, 1980). Ice aublimetion is the creator, the 
"boi lerVdisrupter, and the launcher of ice-poor regoliths. In our nodel, the nejor phy- 
sical processes which are quantitatively described are: 1) Modification of the periodic 

orbital thermal "wave'* that reaches buried condensed volatiles, by the finite thermal con- 
ductivity of any overlying ice-poor regolith, 2) Modification of the vapor outflux by the 
finite and changing vapor diffusivity of the incipient regolith, 3) The effect of volatile 
flux and preferential launching of smaller grains on the thickness and grain size distri- 
bution of the regolith, 4) Continuous feedback of developing regolith properties into the 
thermal and vapor transport described in ”1 and "2." 5) The compound effects of multi- 

ple passes. 

The model includes latent heat effects, HjQ properties, obscuration by 

streaming dust, and possible transitions from one dominant volatile loss mechanism to 
another (see below). In its preliminary form, it does not currently include scattering 
effects of ice halos or global effects such es systematic launching of grains from one 
region on a comet accompanied by their systematic accretion on another. Also, because of 
the complexity of the mantle development model, we have not yet coupled it with sophisti- 
cated insolation histories for comets with appropriate rotation rates, orbits and obliqui- 
ties. Rather we heve so far considered only two latitudes on comets with archtypical 
orbits end an obliquity of SO degrees. We hope to consider more interesting and realistic 
orbits, obliquities and rotaticn rates. 

Despite the preliminary stage of the investigation, our results suggest some general 
Inferences; An object in an *archtypi ca I" short period cometary orbit can undergo at 
least three distinct phases of regolith development including 1) A molecular di f fusion 
phase, when the gasisilicata ratio of the outflux is high but the gas flux is very low. 

This phase is most effective ' 3-5 AU and a comet in near circular at this heliocentric 

distance would probably first develop a water ice and dust regolith poor in other vola- 
tiles and then, ultimately, a permanent silicate-rich regolith. In this phase, the regol- 
ith inhibits vepor flux and thermal flux via its porosity and absorptive properties which, 
in turn, are determined by grain size distribution and prior history. 2] A phase (onset 
*3AU) in which the thermally controlled volatile flux can in turn contro l the regolith 
geometry by regoli th-disrupting processes, commencing when gas pressure exceeds lithos- 
tatlc pressure. The transition from molecular diffusion through a fixed renolith matrix 
to volatile flux control of the matrix geometry might be * o^ous in some ways to the 

transition from still evaporative processes to boiling. g the molecular diffueioo 

phase launching of even small grains by HgO sublimation alo (without participation of 
other ices) is extremely ineffective. However, during tha dlsruption/boiling phase, HgO 
•ubUmaticn rates approach free sublimation of dusty H 2 O ice, and can generally launch a 
eubstentiel dust flux, albeit still strongly weighted to finer grs'^ns.^ 3} At small 
heliocentrir distances ('1AU) launching of grains can become indiscriminate and at very 

small disiances (“,3AU) even HgO sublimation can Launch large boulders. However the 
dependence of launch ability cn heliocetitric distance and ica composition is greatly 
Modereted by latent heat affects. Table I gives a rough idea of these dependencies. How- 
ever It Should be borne In mind that the values in this table are for idealized thermal 
histories - a fixed subsolar point or a fixed 60 degrees incidence angle - and may not be 
generally epplicablo to comets. During tha indiscriminate launch phase, ejectae have the 
same H^Q: rock flux es tha comet mass, and severe erosion occure in steady state and is 

not accompanied by any ice poor-regoU th retention. 
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An Ice poor regollth 1e ^'self-protecting” end mantle growth Is "self-aggrevatiny” 
beceuee 1) A mantle modulates the thermal shock experienced et the burled Ice Interface 
near perihelion. Even with thermal transfer in radiative, conductive and convective 
modes, a static mantle of sufficient thickness and fineness can protect and enlarge Itself 
because of Its Insulating properties and further suppress the volatile flux diffusing up 
through It for any given thermal history. Also, the thicker the existing regollth the 
teea vulnerable It Is to physical disruption by an excess of vapor pressure over Its 

Uthostatlc pressure. Merce whether a particular comet undergoes the above transitions 
depends on whether Incipient regollth growth achieved since the last perihelion Is suf- 
ficient to protect the mantle against the next perihelion. If It Is, then the mantle will 
Irreversibly evolve to permanence. If not, the comet will cycle reversibly through the 

preceding stages until It 1b globally dissipated. It would appear that any virginal Icy 

rocky object pieced In an orbit with perihelion <1AU would have little chance of develop- 
ing a permanent regollth ( except for "global” effects mentioned above whici. are not con- 
sidered here). Hence it would disappear after, say, hundreds of passes. On the other 
hand, any postulated existing Initial mantle of ‘^Acm or more could protect Itself even at 
a perihelion distance of ’1 .7AU if only ice were present. A much greater Initial 

thickness of ice poor mantle would be required If the comet expected to survive a typical 
Apollo perihelion passage at 0.7AU without beginning to cycle. If an ice-poor regoUt.t 
jjld survive Initial passage Intact, it would stay In the molecular diffusion stage and 
would grow asymptotically with time to a thickness of perhaps several tens to hundreds of 
meters - depending on exact vapor diffusivlty end heliocentric distances. Whether the 

"conetory” core of such an object would be detectable by remote sensing techniques In lieu 
of density measurements is a fascinating question, and the water flux itself is probably 
the most telling clue to such an object. The greater the sensitivity of gas flux measure- 
mants, and the greater the range of heliocentric distances et which these can be mede on 
objects In eccentric orbits, the more chance of eveluating the actual nature of cometary 
regollth evolution by observing phenomena such as the sharp hypothesized transition 
between inc'^easlng molecular diffusion and the bolling/disruption phase or predicted 
strong variations in the H^O: dust ratio. 

In general, the main^ difference between our model results and those of others is 
that, where appropriate, we allow Knudsen flow (where mantle properties control the flux) 
sn*d not continuum flow be the rete limiting mode of vapor transport. As a consequence, 
the inhibiting effect of any Incipient regollth which develops toward aphelion Is a very 
effective barrier to development of whac would otherwise be e multicentimeter Ice poor 
regollth. 


Table I. Minimum* Requirements for Launching Silicates 
From a Comet With Albedo - 0.1, Radius • 2 km 


Maximum 

Required 

Required 

Required 

Required 

Required 

Launchable 

KoO (CO 2 I 

T for 

Insolation 

erg/cm^sec 

AU if 

AU 60* 

(Radius, cm) 

Flqx, 

g/cm^sec 

Flux. ‘K 

Subsolar 

Point 

Latitude 

1 X 10-^ 

1.2 X 10-9 

151 

2 6 X 10 '* 

6.9 

4.9 

(dust) 

[2.3 X 10-9) 

(97) 

(4 5 X 103) 

(16.8) 

(11.9) 

1 X 10-2 

1.1 X 10-2 

170 

4.6 X lO'* 

5.2 

3.7 

(sand) 

(2.2 X 10-2) 

1113) 

(9.4 X 105) 

(11.5) 

(8.2) 

1 X 10° 

1.1 X 10-5 

195 

3.7 X 105 

1.8 

1.3 

(pebbles) 

[2.0 X 10-5) 

1135) 

(1.4 X 105) 

(3.0) 

(2.2) 

1 X lo2 

9.7 X 10-^ 

229 

2.8 X lo2 

0.21 

0.47 

(boulders) 

(1.7 X 10-3) 

1168) 

(1.1 X 102) 

(0.34) 

(0.76) 

1 X 10^ 

9.3 X 10-3 

250 

2.6 X 108 

0.07 

0.05 

(large 

boulders) 

[1.7 X 10-2) 

(191) 

(1.0 X 106 ) 

(0.11) 

(0.08) 


• assume launch accomplished with diurnal maximum flux 


R.r.ranc..: BMn, 6.0. and M.ndl. O.A., Oust Rsl.asa snd Mantla Davalopmant in 

CM.ts, Ha Astrophysics I Journst . 229. 402-408, 1979. Brin, G.O., Thrjs Hodslt of Oust 
Lsysrs on Coast Nuclnl, lb* Astrophysics I Journsl . 237, 265-279, 1SB0. 
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Albedo and norphological characteristics of asteroidal objects derived from laboratory 
sinulations. 

N.A.6arucci and n.Fulchignoni 

Istituto di Astrofisica Spaziale CNR, Reparto di Planetologia, V.le dell'Universita,11 
00185 Rena, Italy 

Asteroids are the largest population of solid borlies in the Solar System which 
may be the key for understanding the processess occurred during the formation of the 
planets from the protosolar nebula and the final phases of the planetary accretion. 

Due to the lack of space missions toward the asteroids, all the available information 
about such an interesting set of bodies has been obtained with telescopic observations 
and has been collected in the TRIAD catalogue. An atlas of asteroids' photometric light 
curves is in preparation (Barucci et aU, 1983) and it will contains all the lightcurves 
pcblished in the worldwide literature. 

The photometric light curve of an asteroid is affected by several parameters: 
1) the shape of the object; 2) the orientation of the asteroid in space with respect 
to the Earth and the Sun; 3) the morrihological surface dtaracteri sties; 4) the variation 
of the albedo properties of the surface materials. Points 3 and 4 are connected both 
with the chemical cotrposition of the outer layers and with the evolutive history of 
each body. 

The aim of our experimental research is to understand the effects of each of the 
above listed parameters on the li^t curve of an asteroidal model by means of laboratory 
sirulations. 

an attenpt to reproduce esperimentally the observed asteroid light curves using 
12 different rotating asteroid models (Duilap 1971) yielded far from satisfactory results; 
this particular research line was therefore abandoned. 

Our research program can be schematized as follows: 

1. Setting up of the experimental device S.A.M. (the achronim stands for System for 

Asteroid Model); 

2. Study of the effects of the variation of the orientation parameters on the lightcurve 
of regular ard homogeneous bi-and triaxial ellipsoid models; 

3. Study cf the influence of albedo variations (black and white pa tche s)on the amplitude 
and shape of the light curve. 

4. Study of the influence of the surface morphological marks (craters, ricJges, rilles, 

etc.) on the anplitude and ^lape of the light curve; 

5. Study of the scattering properties of the models' coating materials; 

6. Study of the dependence of the light curve on the chemistry of the surface materials. 

The present state of the research program listed under points 1 to 6 above is 

as follows: work on points 1 and 2 is completed, points 3 and 4 have been looked into 

and some interesting result? have been obtained, preliminary results are availzble 
for point 5 and more measurements are in progress while the experimental work connected 
with point 6 is still in a prelimir«ry stage. 

Here below we describe the states of the art and discuss the obtained results. 
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1. Description of the S.A.M. 

The experimental device named System for Asteroid Model was built by A.Di Paoloantonio 
and C. Giuliani in the workshop of the Collurania Observatory (TeramO/ Italy). The S.A.M. 
is conposed by: i) a mechanical scpport for the asteroid models which allows the automatic 
variation (by means of step motors) of the model orientation parameters (i.e. aspect, 
obliquity and phase ar>gles) with respect to the light source and the observer; ii) 
a light source which produces a parallel beam of quasi-solar light; iii) a photometer 
which collects the light reflected by the model; iv) an electronic interface, which 
drives all the mocrvements of the model, i.e. rotation aroind the polar axis and the 
setnp of its orientation; v) a recording system, which gives the resulting light curves 
both on paper rolls and on magnetic tapes. A more detailed description of the S.A.M. 
can be found in Barucci et al. (1982). 

2. T he effects of the variation of the orientation parameters on the lightcurve of 
bi and triaxial ell^.psoid models. 

Several sets of measurements on five different bi- and triaxial ellipsoid models 
have been carried out, taking into account previous results both theoretical (Barucci 
and Fulchignoni) and nunerical (Surdey and Sundey 1978). The parameters characterizing 
the shapes of the used models are listed in Table 1. 

TABLE 1 


Model N. 

Shape 

a 

a/b 

b/c 

Material 

1 

Biaxial 

iO.CO 

1.67 

1.00 

wood 

2 

Biaxial 

8.00 

1.60 

1.00 

wood 

3 

Biaxial (cigar) 

8.00 

2.67 

1.00 

wood 

4 

Triaxial 

10.00 

1.43 

1.17 

wood 

5 

Tr iaxi al (9 Met is) 

8.00 

1.29 

1.70 

Plaster of Paris 


The models, all homogeneous and regularly shaped, have been sprayed with grey paint thus acqui- 
ring a uniform albedo of 0.4-0.45. 

For each model we obtained 147 lightcurves, varying respectively the aspect angle 
from 0^ to 90° (step : 15°), the obliquity angle from 0° to 20° (step : 15°) and the 
phase angle in the range 0° - 35° with steps of 7° (the phase angles have been selected 
in order to reproduce the observational conditions). The results obtained by the S.A.M. 
are in excellent agreement with the theoretical ones and can be surmarized as follows: 

- the variation of the hightcurve anplitude with the aspect is larger with increasing 
values of the aspect angle; 

- the erfect of the cbliquity is negligible for smaU base angles while it is predomirant 
for phases larger than 25°-30°; 

- the highe. the phase angle, the larger is the maximun arplitude of the light curve; 
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- the aitplitude of the light curve grows with the aspect angle as a firction of the 
ratio a/b. Furthermore in the triaxial ellipsoid models as an effect of the ratio b/C/ 
the anplitude values for intermediate aspect angles are lower than in the corresponding 

biaxial models. 

3. Influerree of albedo variations. 

The data have been obtained by the S.A.M. using black (albedo 0.2) and white 

(albedo 0.9) circular patches on the gray models. The patches have different diameters 
D (2a/D ratios equal respectively to .125, .187, -250) and were located respectively 
i) on the oole of the model, and along the equator corresponding to ii) the mininun 
area side and iii) the maxitiun area side. The polar albedo variations do not affect 

the amplitude of the lighccurve, but their influerice is revealed by an increase (white 
patches) and a decrease (black patches) in the absolute magnitude of the objects, the 
following significative variations in the shape of the light curves are caused by the 

presence of the equatorial patches: the mininun (case ii) is deeper with the black 
patches and more shallcvi with the white ones while the maxinun (case iii) is higtier 
with the white and lower with the Dlack patches, an example of the magnitude variations 
and their dependence on the patches' dimensions is given in figure 1. 



fig.1 - Variations of the lightcurve anplitude vs. aspect angle due to 
black ticd white albedo patches located re^ctively on the mininun area 
side(left)and the maxinur. area side( right) of an asteroidal model (a:b=1. 29, 
b/c=1.70).The curves refe.' to different size ptches with diameter/a ratios 
Dj=.250, n^=.167,D^=.125. 
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4. Influence of a large crater on the light curve. 

The study of the influence can the light curve of the asteroid surface morphology 
has been recently undertaken. At the present time measurements have been carried out 
on models with a large crater (2a/0=.25) located in the center of both i) the mini.Aiii 
and ii) the maxinun area side. The influence of such a crater on the light curve is 
negligible within the experimental errors ( 0.02 mag). 

5. Scattering properties of the coating materials . 

The scattering properties of the spray point have been investigated and some measure- 
ments are reported in fig. 2. 



Fig. 2 Ratio of the brightness (e, )/brightness (O‘’)of 
a painted plane surface vs. the angle of emergen- 
ce e per various value of the angle of incidence i. 

We are studying these results in order to obtain an analytical and/or a runerical 
expression for the scattering, taking into account works published by Lunme and Bowel I 
(1981), Thofipson and Van Blerkom (198?) and in progress at the Cornell University (Gradie, 
1982). 

6. Chemistry of the surface materials . 

We are working on the preparation of a coating mixture, which allows us i) to vary 
the chemical composition of the surface of the used models; ii) to operate easily changes 
in the surface morphology; iii) to ensure the control of the granulometric distribution 
of the adopted materials. 

References. 
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(in press). 
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L CHONDRITES: A PHOTOGEOLOGIST'S SEARCH FOR PHYSICAL PROCESSES 

Charles A. Wood and Alan Silliman,* Johnson Space Center, Houston, TX 
77058. *NASA Planetary Geology Intern, 1982. 

Chondrites are the most common type of meteorites, comprising 51X of all 
knovm specimens, and 87X of all recovered falls (Dodd, 1981). H and L 
chondrites are very i;early equally represented with 589 H's and 578 L's 
currently known (exclusive of Antarctic finds). Despite, or perhaps be- 
cause of, the large number of meteorites, meteoriticists have never com- 
piled comprehensive catalogs of meteorites that list properties other than 
fall characteristics and petrologic type (e.g.. Hey, 1966; Hutchison et 
al., 1977; and Motylewski, 1978). The large number of meteorites invites 
statistical investigation, and toward chat end we are compiling catalogs 
of physical and chemical data for H and L chondrites (Wood and Lee-Berman, 
in prep; Wood and Silliman, in prep.). The catalogs - Houston Chondrite 
Register - contain the following data for each meteorite: 

name, petrologic type, fall location, fall date, fall hour, 

mass. Fa % in olivine, totalj^wt. % Fe, SiO-^/MgO, shock class, 

metallographic shock class, ^He abundance, TI,Th-He gas retent- 
ion age, K-Ar gas retention Sj^e, and exposure age. 

These parameters were selected (1) to represent the basic chemical and 
physical characteristics of the meteorites, and (2) to ease data collect- 
ion because many of them have been previously compiled in various public- 
ations. One of the major results of the cataloging effort is the real- 
ization that all of the basic data types listed above are available for 
only 8 meteorites (8 out of 1167!). and only mass and olivine composition 
are available for significantly more than 50X of the samples. A large 
number of analyses are still needed to provide the chemical, shock, and 
age data that are basic to understanding meteorites. 

Partial analysis of the H chondrite data has resulted in the dis- 
covery of meteorite streams identifiable through clustering in exposure 
ages (Wood, 1982a, b). The L chondrites do not, apparently, travel in 
such well defined meteorite streams, but other interesting characteristics 
have been noted : 

Fragmentation of L Chondrites ; Few L chondrites are smaller than 2 
kg, and the largest is 600 kg. Although tliere is considerable scatter the 
average mass of L chondrites decreases with increasing exposure age (Fig. 
1). All L's weighing >50 kg have exposure ages <25 m.y., and no L with 
exposure age >25 m.y. weighs >50 kg. This relationship may be due to 
fragmentation both in space and in the Earth's atmosphere. A stone that 
was last involved in a large scale collision (which reset the exposure 
age) 30-50 m.y. ago may have since experienced repeated, lower energy col- 
lisions which failed to fragment it but did produce zones of weakness, 
resulting in significant f'^aginentation in the Earth's atmosphere, and thus 
only a small percentage of the meteorite survived. Alternative interpret- 
ations (such as higher average collisional velocities >25 m.y. ago) are 
possible. 
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Shock Histories ; Strongly shocked meteorites (shock facies e and f 
of Dodd and Jarosewich, 1979) invariably have young gas retention ages - 
that is, the lest big collision which reset their U,lh-He clocks occurred 
during the last 1.5 b.y. (Fig. 2). This confirms the original discovery, 
based on a smaller data set, by Heymann (1967) who interpreted the relat- 
ion in terms of partial resetting of ages for meteorites that were shocked 
only weakly. Available Ar-Ar ages, which more accurately date the shock 
event, indicate that Heymann was correct, for there is no evidence for 
major collisions older than approximately 500 m.y. ago. This implies that 
L chondrites were not comnon as meteorites, nor presumably as crater- 
forming projectiles, prior to about 500 m.y. ago. The only terrestrial 
impact crater thought to have been formed by an L chondrite is Brent 
(Grieve, 1978), which is 950 m.y. old (LozeJ and Beales, 1975). A second 
finding relates shock history to travel time to Earth: the average expos- 
ure age for L chondrites with gas retention ages >600 m.y. is 15.7 m.y. 
but only 7*7 m.y. for meteorites involved in the 500 m.y. shock event. 
Perhaps ejecta from the 500 m.y. collisional event was placed into an 
orbit more favorable for derivation of meteorites than material not invol- 
ved in the collision. Finally, these findings suggest that exposure age 
is a rough guide to both shock age and intensity for L chondrites. 

Enigmatic Relations : Recognizing the above ex po:;ure -shock age tend- 
ency for L chondrites we have divided the meteorites into two extreme pop- 
ulations. The "young" group (n = 28) consists of those stones with U,Th- 
He ages -1 g^y. and exposure ages <8 ^.y; the "old" group (n = 31) has 
U,Th-He ages -2 b.y. and exposure ages -20 m.y. These two groups are re- 
markably different in chemistry, macs, and hour of fall, but have virtual- 
ly identical distributions for month of fall and petrologic type (Table 
1). N(/te that the difference in average t Fa (Fig. 3) is statistically 
significant, and that the second value for average masss discounts the 
single largest stone in each group. The greater mass of the young group 
is consistent with Figure 1, and the difference in olivine composition 
suggests that the two groups may represent different parent bodies. The 
remarkable concentration of daytime falls for the old group must reflect 
some unique orbital coherence or velocity structure. 

Reference s: Dodd, R. T. (1981) Meteorites , Cambridge Univ. Press. 
Dodd, R. T. and E. Jarosewich (1979) Earth Planet. Sci. Lett. 9J4, 335. 
Grieve, R.A.F. (1978) Pror. Lunar Planet. Sci. Conf. 9th , 2579. Hey, M. 
H. (1966) Catalogue of Meteorites ^ British Museum. Heymann, D. (1967) 
Icarus 6, 189. Hutchison, R. , A. W. R. Bevan, and I. M. Hall (1977) 
Appendix to the Catalogue of Meteorites, British Museum. LozeJ, G.P. and 
F.W. Beals (1975) Can . J. Earth Sci. 1 2, 606. Motylewski, K. (1978) The 
Revised Cambridge Chondrite Compendium, Smithsonian Astrophysical jser - 
vatory, Cambridge, Mass. Wood, C. A. (1982a) Lunar Planet. Sci. 13 , 873. 
Wood, C. A. (1982b) 45th Ann. Met. Soo . Meeting , Abstracts , XIII-10 Lunar 
and Planetary Inst. Houston. Wood, C A. and R. Lee-Berman (in prep.) 
Houston Chondrite Register - H Chondrites. Wood, C. A. and A. Silliman 
(in prep.) Houston Chondrite Register - L Chondrites. 
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Wr^ Fa 


TABU 1 

Yount 

u 1 1 BY: u < 6 my 

Old 

U - 2 BY; EA > 20 NT 

Av«rat* f Fa 

2A.W' - 0.8 

2A.8 t 1.1 

Av«ra|t Haaa 

Arithflttlc Man 

60.7 - 77,0 Kt 
53.1^ - 67.8 

21.2 I 91.3 kg 
15.6 - 28.3 

OaciMtrie aaan 

19.2 

7. a 

Hour of Fail 

IBOO-OBOO 

11 

1 

0600-1600 

9 

16 

Honth of Fall 

kpril-Aaptaabar 

la 

13 

Oetobar-Mareh 

6 

6 

Fatrolocle Typa 

A/5/6 

A/e/18 

a/7/ie 
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Double or Multiple Cometary Nuclei? 


Fred L. Whipple 

Smithsonian Astroph/slcal Observatory 


The question as to vhether double or multiple cometary nuclei might 
rerponsible for comet splitting discussed by Whipple and Sr: 'anlk 

has been raised again by Van Flandern (1981K Because the separa- 
iiu o multiple cometary nuclei rendered orbically unstable by. solar 
r. a'' i Lation would not stress the nuclei, outbursts of activity should not 
accompany such separations, contrary to the frequent simultaneous occur- 
ence of outbursts and splitting. 

The introduction of differential nongravicational (DNG) forces into 
the ♦•heory drastically changes the situation. If the primary nucleus and 
its smaller satellites suffer DNG accelerations rac al to the Sun compar- 
able to those observed for many comets, the perturbations must exceed 
the direct solar differential accoleratiuns for a fairlv tightly bcund 
system when traversing the inner solar system. The result in the coplane, 
case (comet orbit and satellite orbit in the same p.Lane) ir simply deter- 
mined and is typical of the more general case. The semimajor axis of the 
pair suffers no change but the orbit generally swings around so that the 
eccentricity of the orbit increases. Finally the satellite encounters 
the nucleus. This should produce a violen? disruption of material even 
at the low velocities involved (meters/sec) . Hence a violent outburst 
should occur, possibly two or more on successive revolutions. 

It is suggested that two major outbursts of 9 magnitudes or 4000 
times in brightness for two faint short-period comets, P/Tuttle-Giacoblni- 
Kresak in 197'’ and P/Holmes in 1892 may be cau::>£d by such encounters. 
Otherwise it is difficult to understand how such old comet nuclei, 
presumably the cores of much greater comets, could suddenly exhibit such 
violent activity. 

Statistical evidence, on the other hand, suggests that comet splitting 
in general and most typical cometary outbursts arise from the intrinsic 
properties of the nucleus material. Newer comets with a greater proportion 
of active volatile material show a much greater chance of splitting than the 
remanent cores of older comets. 

REFERENCES 
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TECTONICS AND SURFACE ROUGHNESS OF VENUS: A PROGRESS REPORT 

Gerald G. Schaber, Philip Davis, Richard C. Kozak, and Eric M. Eliason - 

U.S. Geological Survey, Flagstaff, AZ 86001 

Considerable progress was made during 1982 in the investigation of 
Venus' tectonics and surface- roughness variations. A formal report 
describing limited extension and volcanism along zones of global 
1 ithosphe'“ic weakness on Venus was published by Schaber (1982), and 
these data were also presented at the Planetary Rifting Conference in 
the Napa Valley, Calif., in December 1981. 

Investigation of the distribution of surface roughness on Venus has 
been centered during 1982 on application of an unsupervised 
linear-discriminant cluscering algorithm to various Pioneer-Venus (P-V) 
data sets. The goal was to determine regions that have the following 
similar properties: 100-km-scale regional slope, reflectivity, and rms 

slopes at 1- to 100-m scale. The three data sets used include the P-V 
altimetry, reflectivity (p factor) and the C-factor derived from the 
Hagfors scattering model. The side-looking-radar-image (8X8 imaging) 
P-V data set was not used as a fourth dimension in this analysis because 
reflectivity was already used in the preparation of the 8X8 data base; 
thus, its inclusion would give this data set double weight. The 100- to 
150-km-scale slope data used in this analysis were derived from the P-V 
altimetry data base over regional topograpliic wavelengths equal to or 
greater than 100 km. Slope was used instead of altitude because it has 
greater physical significance in terms of surface characterization; the 
100-km-wavelength interval represents the resolution of the altimetry 
data. 

The advantage of the clustering algorithm over previous visual 
analysis (Schaber et al., 1982) is that this algorithm is totally 
unsupervised and depends only on the precision of the input data 
(Jayroe, 1976). The linear-discriminant classifier was chosen over 
maximum- 1 i kel i hood, nearest-neighborhood, and minimum-distance 
algorithms because it; (1) defines cluster boundaries as hyperplanes in 
three-dimensional space, (2) defines hyperplane boundaries that are not 
restricted to the orthogonality of the three axes, (3) defines 
hyperplane boundaries by statistical analysis of cluster-overlap 
reg''''S, and (4) defines hyperplane boundaries for each cluster whose 
distances from their respective cluster centroid are independent the 
other hyperplane distances for that cluster. Once the hyperplanc 
boundaries for each cluster are defined, each picture element of the 
input-data bases is assigned a number from 1 to indicating the cluster 
to which it belongs. A map of these numbers is then constructed; this 
map shows the distribution of units with similar regional slope, 
reflectivity, and small-scale rms slopes. 

Once the initial clustering of the P-V data sets is complete, the 
Earth-based data on Venus surface scattering from Goldstone and Arecibo 
will be incorporated into the investigation. 
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MORPHOLOGY AND TOPOGRAPHY OF APHRODITE TERRA, VENUS. William J. Ehmann 
and James W. Head, Dept, of Geol. Sci., Brown Univ., Providence, RI 02912. 

Aphrodite Terra is the largest of the three major upland regions on Venus. 
We have defined the base of Aphrodite to be the 6051.5 km elevation level, 
which is the mean planetary radius (mpr) (Masursky et al . , 1980). This choice 
delineates a continuous upland, twice the size of Africa, that covers 
7.3 X 10’ km^ (16%) of the venusian surface. Aphrodite trends dominantly 
east-west for 22, 180 km between 45° and 255° longitude and ranges between 
60° N and S latitudes (Figure 1). Within Aphrodite, a variety of geologic 
features exist, including broad mountains, isolated peaks, individual and 
aligned pits, linear and arcuate troughs, and Circular structures. Using 
Pioneer-Venus data, we have subdivided Aphrodite Terra into six provinces on 
the basis of elevation, slope, and the presence or absence of specific geo- 
morphic features, building upon earlier studies by Schaber (1981, 1982). 

The Western Highlands (13.6 X 10® km^) is the third largest province, half 
the size of North America, and extends 6865 km along the major east-west trend 
of Aphrodite. The province is dominated by Ovda Regio (6056.8 km), an ellip- 
tical and essentially continuous mountain region that is bounded by steep 
slopes. Hypsometric plots show that 65% of the province is above 6053 km 
elevation, and that the topography is nearly equally distributed among the 
three central 1.5 ki.i intervals (Figure 2). ihe I nterior Highland s (15.9 X 
10® km^) is the largest province, twice the size of Australia, and follows e. 
NE/SW trend. A break in continuity of highland topography, broader slopes, 
and a zone of low reflectivity separate the province from the Western High- 
lands. This region contains Thetis Regio (6057.2 km), a less continuous high- 
land than Ovda, and several scattered peaks on a broad, more gently sloping 
upland. Hypsometric plots reveal a shift of topography towards lower eleva- 
tions, as this province contains 13% more lowlands than the Western Highlands. 
The Artemis Chasma province (4.4 X 10® km’) is a generally flat, circular 
region 2600 km in diameter, containing two arcuate troughs. Artemis Chasma 
proper spans 280° of arc, averaging 200 km wide and 1 km deep for a distance 
of 5700 km. It is flanked on both sides by narrow, < 200 km wide ridges, 
although the interior wall is usually higher than the outer wall (Schaber, 
1981). The smaller trough lies within the northern part of Artemis and opens 
oast. Unlike Artemis Chasma, it is not consistently bounded by ridges, 
although a 200 km diameter peak I .es to the south. Hypsometry shows that 
Artemis Chasma province has nearly twice as much area between 6051.6 and 
6053 km than either the Western Highlands or the Interior Highlands. The 
Cent ral Chasma region is a broad, E-W trending arch covering 11.6 X 10® km^ 
of the venusian surface and cut by numerous troughs and pits. Although hypso- 
metrically similar, the Central Chasma province differs from Artemis by the 
"■ i near trends of the troughs within it. Dali Chasma runs east-west for 3600 km 
along the crest of the regional arch, flanked on both sides by elongate ridges 
which vary by as much as 2.5 km from one side of the trough to the other 
(Schaber, 1981). The lowland regions on either side of Dali are broadly sym- 
metric about the trough axis. Diana Chasma trends NE/SW tor 970 km along the 
western edge of Dali. Further to the northwest, a third trough is oriented in 
such a way as to suggest a continuation of Dali Chasma. The Eastr i Hi ghlands 
province (13.0 X 10^ km‘) trends NW/SE and contains two mountaii. cistrfcts: 
four major peaks on an L-shaped upland to the north, and the pyramid-shaped 
Atla Regio (6057.2 km) to the south. Between them is a 60C km diameter t^'po- 
graphic low with a peak in the center. Slopes are more gradual and unilorm 
over all elevations than elsewhere in Aphrodite. Hypsometric data show that 
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the Eastern Highlands are intermediate between the chasma provinces and the 
Interior Highlands. The Eastern Pinnacles province covers 14.2 X 10® kin^ as a 
distinctive terrain of isolated topographic highs set on a patchwork of 
arcuate lows. It is separated from the Eastern Highlands by a break in topo- 
grahic continuity, roughly along the 6052 km contour line. Fourteen 300 km 
diameter peaks define two major, intersecting trends: a 8200 km N-S trend, 

and a 5400 km E-W trend which terminates near Beta Regio. Hypsometric plots 
suggest that the Eastern Pinnacles province is most like Artemis Chasma prov- 
ince, with the principle difference being the shape and orientation of peaks 
and lowlands. 

Several Aphrodite provinces are similar in morphology and elevation to 
Beta Regio, but are distinct from terrain in Ishtar Terra. Each province is 
roughly the size of the Tharsis region on Mars. We are presently comparing 
the provinces and features within Aphrodite to geologic structures on the 
othc^' terrestrial planets in an effort to test hypotheses for the origin and 
evolution of the venusian surface. 

References: 1) Masursky et al . U980) JGR 85, 8232. 2) Schaber (1981) 

LPI Contrib. #457, 31. 3) Schaber (1982) GRL 9,“?99. 4) Schaber and 

Masursky (1980) NASA TM 82385, 82. 


PERCENTAGE OF DATA POINTS IN AN ELEVATION RANGE 


?OR EACH PROVINCE IN APHRODITE 


PROVINCE 

ELEVATION RANGE (KM) 

6051.6 

6051.6- 

6053.0 

6053.0- 

6054.4 

6054.4- 

6056.0 

6056.0 

Total 

Range 

Western Highlands 

1.5 

33.4 

29.8 

31.4 

3.8 

6050.8- 

b056.8 

Interior Highlands 

1.2 

47. C 

32.9 

18.8 

0.1 

6049.8- 

6056.2 

Artemis Chasma 

5.3 

80.8 

13.4 

0.5 

0.0 

6049.8- 

6055.4 

Central Chasma 

3.0 

1 

76.5 

19.3 

1.0 

0.1 

6049.0- 

6056.2 

Eastern Highlands 

1.2 1 

64.2 ' 

27.8 ) 

6.8 

0.0 

6049.8- 

6057.2 

Eastern Pinnacles * 

5.8 

86.8 

6.7 

0.7 

0.0 

6049.8- 

6055.0 


Figrire 2. 
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IDENTIFICATION OF BANDED TERRAIN IN THE MOUNTAINS OF ISHTAR TERRA, VENUS. 
J. W. Head (Dept, of 6eol. Sci., Brown Univ., Providence, RI 02912) and D. B. 
Campbell (Nat'l. Astron. and Ionosphere Ctr., Arecibo, Puerto Rico, 00612). 

Critical to the understanding of the tectonic style of Venus is the origin 
of the major mountain ranges on Ishtar Terra (Fig. 1). These mountainous re- 
gions are unlike high topography observed on the Moon, Mars, and Mercury, 
which is predominantly associated with large volcanoes or the rims of large 
circular impact basins (1). Recently, images have been obtained of the Ishtar 
Terra region with the 12.6 cm wavelength radar system at the Arecibo Observa- 
tory. These images, which map the backscatter cross-section per unit area 
(surface reflectivity), have resolutions of 3-6 km, a significant improvement 
over previously published Earth-based images. Because the subearth point on 
Venus is restricted to ± 9° of the equator, the angle at which the surface is 
illuminated by the incident radar wave varies from near zero near the equator 
to over 65° at high latitudes. Appropriate scattering laws as a function of 
incidence angle, as well as methods of data acquisition and display, are dis- 
cussed elsewhere (2). At the high latitudes typical of Ishtar Terra (55° to 
75° N) the slope of the scattering law increases, suggesting that both small 
scale (wavelength-size) surface roughness, and average slope-induced changes 
in the scattered signal, are important. The average scattering properties of 
the planet have been removed (2) so that the images show the ratio of the 
received power to that of a homogeneous Venus su*'face with average scattering 
properties. 

The new high resolution radar images show a distinctive set of high 
reflectivity bands extending along the strike of Akna Montes for its full ex- 
tent, curving eastward at the northern end of Akna to merge into similar 
banded terrain in Freyja Montes. The bands begin abruptly at the southwestern 
edge of Ishtar where at least six parallel bands with widths of 10 to 20 km 
occur. These merge into two to three major bands of very high reflectivity 
and this major textural pattern extends the full length of the southern 
arcuate portion of Akna Montes. As Akna Montes turns toward the north and the 
terrain decreases in elevation, the bands become somewhat less distinct but 
can still be traced into Freyja Montes. To the east, the banded texture 
disappears near the base of the mountains and 's not obvious in the very low 
reflectivity Lakshmi Planum region. To the west, bands of comparable lengths 
and widths but lower reflectivity, are visible to the edge of Ishtar Terra, a 
distance of about 400 km. The linear east-west portion of Freyja Montes is 
dominated by the same type of banded texture seen in Akna Montes, The banded 
terrain is 200-300 km wide and is composed of up to fifteen radar bright bands 
separated by bands of lower reflectivity. High reflectivity bands are 10-20 km 
in width and up to several hundred km in length. The highest reflectivity 
bands generally correlate with the highest topography. The 300 km wide high 
terrain at the easterti end of Freyja is characterized by high reflectivity but 
the patterns are dominated bv shorter linea>^ segments arrayed in a variety of 
directions. High resolution radar images of Maxwell Montes show levels of 
reflectivity and banded texture comparable to Akna and Freyja Montes. The 
distinctive banded terrain is concentrated in west-central Maxwell, in the 
highest region of the mountain range, and trends parallel to the long axis of 
the topography. On the mountain to the north and south (at lower elevations) 
the banded terrain merges into mottled regions of high backscatter. To the 
east on the lower slopes of Maxwell, the well -developed banded terrain is re- 
placed by a circular backscatter feature over 100 km in diameter, 

A number of hypotheses can be proposed to explain the nature and origin 
of the high reflectivity bands, including basic geological processes such as 
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wind activity, mass wasting, volcanism, and tectonism. Eolian processes can 
produce sorting of sedimentary particles into linear bands (dunes) of varying 
grain size, often oriented parallel to slope. However, the wide spacing of 
these bands coupled with the likelihood that eolian erosion on Venus is less 
efficient than on Earth (3), suggest that eolian activity is not the primary 
process responsible for the origin of the bands. Volcanic processes can pro- 
duce lava flows which differ from surrounding terrain in terms of composition, 
surface roughness, an'^ topography, all factors which can cause variations in 
radar backscatter and :aus in discriminibility on radar images. In addition, 
10-20 km wide lava flows of hundreds of km length are known for the Moon (4) 
and Mars (5), and some authors have proposed a volcanic origin for Maxwell 
Montes, one of the major mountain ranges where the banded terrain occurs. 
However, the vast majority of lava flows are oriented normal to the strike of 
regional slope, while the vast majority of the bands described here run paral- 
lel to the strike. Mass wasting processes are known to produce a variety of 
features on Earth, such as slumps and talus aprons, which produce grain size 
and local slope variations, and are oriented parallel to regional slopes. The 
distinctive topography of these mountains seem to make these features very 
susceptible to erosion and mass wasting processes, even though the nature of 
these processes is not known for Venus. However, the extremely linear and 
continuous nature of many of these bands over hundreds of kilometers suggests 
that mass wasting processes are not the primary cause of their origin, 
although such proces'‘3s may have been significant in their enhancement. 
Deformational features on Earth (folds and faults) are often extremely linear 
and a combination of formational and degradational (erosional) processes can 
produce major belts of linear high topography which could be perceived as 
banded terrain in radar images. The Basin and Range Province of the western 
United States, for example, is characterized by a broad topographic high 
several hundred km in width, and a series of linear mountains produced by ex- 
tension and block faulting, with dimensions comparable to some parts of the 
banded terrain. The Appalachian Mountains of the eastern United States form 
a broad linear topographic high approximately 1500 km in length and 100-200 km 
in width. The Appalachians are characterized by numerous folds and faults 
formed at an ancient convergent plate boundary in a compressional tectonic 
regime and were subsequently exposed by erosion. Fold wavelengths and fault 
separation distances are typically in the 5-20 km range and these features 
are oriented parallel to the topographic trend of the mountain range. 

On the basis of the close correlation of the banded terrain occurrence 
and distinctive mountainous topography, the parallelism of topography and 
bands, and the extremely continuous nature and regular spacing of the bands, 
we conclude that deformational processes (folding, faulting) are a strong 
candidate for the origin of the banded terrain. These characteristics ire 
more comparable to plate tectonic- related features on Earth, such as folded 
mountain belts, than they are to any feature known on the smaller terrestrial 
planets. The exact nature of potential deformational or tectonic processes 
renains unclear, however, both because of the lack of sufficient resolution 
to distinguish geological details and because of the poor understanding of 
potential tectonic processes on Venus (7, 8, 9). Indeed, a form of deforma- 
tion associated with viscous relaxation of mountainous topography enhanced by 
the high temperature of Venus ne=>r- surface rocks (10) may be a factor in the 
formation of the banded terrain. A more quantitative assessment of the 
geometry and textural patterns of the banded terrain is presently underway and 
may provide data to further distinguish potential modes of formation of these 
distinctive features. 
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Figure 1. The mountains of western Ishtar Terra (Mercator Projection). Ishtar 
Terra Is outlined by the 6053.0 contour which defines the base of the highlands 
province on Venus (6). Elevations are expressed in terms of planetary radius. 
Dotted regions lie below this altitude. The base of Maxwell Montes Is outlined 
by the 6056.0 km contour. The base of all other mountains are outlined by the 
6055.5 km contour. Topographic profiles of Akna, Freyja and Maxwell Montes 
are shown (with 50:1 vertical exaggeration) and compared to the Colorado Rocky 
Mountains (where elevations are In km above sea level). 
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UNSMOOTHED VENUS TOPOGRAPHIC DATA IN HARD COPY 


George E, McGill and Susan J. Steenstrup, Department of Geology and Geo- 
graphy, University of Massachusetts, Amherst, MA 01003 

The Pioneer Venus radar altimeter measured the radius of Venus at 
thousands of points between 74^N and 63^S latitudes. Computer-smoothed 
versions of these data have been published as small-format global topo- 
graphic maps. Also, smoothed data are available on magnetic tape at 
NSSDC; but unsmoothed altimetry data are not now available to the pro- 
fession at large. Although computer smoothing greatly enhances the ap- 
pearance of global maps, and eliminates many artifacts, high-frequency 
real information also is lost. 

A hard-copy data set is in preparation at the University of Massa- 
chusetts that shows the center of each altimeter footprint and the ”ele- 
vation** corresponding to that footprint for all altimeter points except 
the high altitude pre-orbit-culmina^"ion points and those points deemed 
of doubtful validity by P. Ford of MIT. The data are printed onto 16 
large sheets, 8 on Lambert polyconic projections (poleward of ±30^ lati- 
tude) and 8 on Mercator projections (equatorward of ±35^ latitude). The 
sheets are printed such that the Lambert and Mercator projections have 
identical scales at 30^ latitude. 

This data set , with accompanying e^rplanation, will be available to 
planetary geologists in the near future (for information contact the 
first author). The sheets distributed will be ozalid copies, and each 
will be on the order of 1 x 1.5 meters in dimensions. It is our hope 
that this data set will be of particular use to those wishing unsmoothed 
data, to those who prefer to draw topographic maps manually, and to 
those without the facilities necessary to use altimetric data on mag- 
netic tape. 
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RADAR-BRIGHT RINGS ON THE MOON AND VENUS, R. S. Saunders, T. W. 
Thompson^ and A* J» Graz , Jet Propulsion Laboratory, California Institute of 
Technology, Pasadena, CA 91109, Princeton University, Princeton, NJ* 

Radar Images of the Moon obtained at 3*8 cm and 70 cm wavelengths may 
provide a basis for Interpreting Venus radar images. The availability of high 
resolution visual images of the Moon permits a better understanding of the 
lunar radar images. We have examined lunar radar-bright features as possible 
analogs to bright-ring features on Venus. The 3.8 cm lunar Images of risk ^ 
al > (1974) have resolutions of 1-3 km. Thompson et al . (1980) have examined 
the lunar radar-bright features. The suggested progression in the evolution 
of lunar impact craters Is that they have bright floors, walls, and rims when 
first formed. These are the latest Copernican age craters. Many Copernlcan 
and Eratosthenian age craters appear as bright rings, with the floors having 
about tile same reflectivity as the surrounding terrain. Most of the Imbrlan 
and older craters have isolated bright portions but generally do not appear as 
bright rings, with the exception of the crater Maclear which Is mapped as 
Imbrlan. The bright ring features do not s of erentlally on either mare 
or terra. 

We have studied the lunar bright ring features in depolarized 3.8 cm 
images between 0® and 60^ Incidence angles. Depolarized Images are sensitive 
to surface roughness in this range of angles rather than to topography. The 
sample of bright rings measured included only those features with complete, 
circular and uniformly bright rings larger than 15 km. 

The outer and inner diameters of the rings were measured and compared 
with the rim crest diameter of the associated crater (Figure 1). 

We have concluded that the bright rings are associated with slopes both 
interior and exterior to the rira. The dark floors probably become smooth 
rather quickly by processes of mass wasting from crater walls and by meteorite 
comminution. Slopes have roughness elements that are continuously renewed by 
weathering from impact gardening and downslope movement. When slopes are 
reduced to those typical of ImbLlan age and older craters, they no longer 
appear bright in the 3.8 cm images. Volcanic flooding does not appear to be a 
significant factor in reducing roughness since only three crater^ our 
sample have flooded floors. 

A test of the slope control hypothesis for radar-bright features is pro- 
vided by Pike's (1977) relationships tor the diameter of the raised crater rim 
versuf; rim crest diameter and floor diameter versus rim-crest diameter. These 
relationships hold for Copernlcan and Eratosthenian craters. The outer diame- 
ters of radar-bright rings fall close to Pike's relationship for the diameter 
of the raised lip versus rim crest as shown in the ^pper line. The Inner 
diameters of the r^dar-brlght rings compare closely to the floor width of 
Pike's relationship. 

Using the same criteria for circular features in Venus Images (<^^mpbell & 
Burns, 1980) we have identified and plotted seven Venus brlght-r^ ^ (Figure 
1). The pairs of inner and outer diameters arc plotted on the ^inate. The 
bar is of an arbitr, width placed over the Pike relationbhlp. The pairs of 
bars for each feature jverlap indicating at least a rea8>nable fit to the Pike 
relationship for Impact craters. We suspect that slopes on Venus are much 
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lower than those on the Moon since the Venus lasges use the polarized return 
and see little Indication of slope control* Most of the Image brightness 
appears to be modulated by roughness variations on Venus* We postulate that 
these features, whether of volcanic or Impact origin, are bright because of 
slopes and that there la a weathering process and downslope movement that Is 
In equilibrium with the production and removal of the slopes* 

If of Impact origin. It appears that we may be seeing only a fraction of 
the craters* Ihere Is no way to estimate the rate of removal, or evolution 
from bright to dark, of the craters as we can on the Moon since the Venusian 
features may evolve very quickly or slowl) xhere are abojt a factor of ten 
fewer bright rings on Venus per unit area than there are on the Moon* 
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LOG VISUAL RIM CREST DIAMETER, km 


Open circles are outer diameter of lunar bright rings plotted against the rln 
crest diameter of the associated crater* Filled circles are corresponding 
Inner ring diameters* Lines are ft-om Pike (1977)* ^per line Is the diameter 
of the raised rim plotted against rim crest diameter* The lows line Is the 
floor width versus diameter* Bars are the Inner and outer rln iameters for 
seven Venusian bright rings placed along the Pike relationship* 
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RADAR ROUGHNESS AT VENUS LANDING SITES. James B. Garvin and James W. 

Head III, Dept, of Geol . Sci . , Brown Univ., 'Providence, RI 02912. 

Remote sensing of the surfaces of the terrestrial planets has greatly 
improved our unds 'Standing of the surface characteristics of these bodies at 
a variety of scales, ranging from millimeters to kilometers. With the advent 
of spacecraft capable of landing on the su; 'aces of the Moon, Mars, and Venus, 
it has been possible to observe local areas in situ with high resolution (mm 
to cm) cameras, and to analyze their surface properties in terms of the geo- 
logic processes that would most liiely produce such landscapes. Radar obser- 
vations of the i-ioon. Mars, and even of the Ea>^th have recently proven to be 
valuable in the inte.'pretation of planetary surface roughness at a centimeter- 
decameter scale over wide areas (1,2,3). The exact relationship between 
radar-derived measurements of surface roughness (i.e., block concentration, 
dune arrangement, etc.) is imperfectly known, but for the Moon and Mars, a 
correlation aopears to ex._v. when surface images are compared with orbital or 
Earth-based radar observations (1,2). Surveyor, Lunokhod, and ApcHo photo- 
graphs of the lunar ■■rface show various types of terrains all of win'ch have 
a charactenstic loca I- scale roughness (i.e., fresh impact ejecta vs. mature 
mare regolith vs. higKlanf') -- this local-scale roughness correlates with 
orbital bistatic radar observations (1,2), and suggests that sirface images 
can be used to calibrate our interpretation of the physical (geologic) nature 
of regions for which there is radar coverage. It .s thus possible to extrap- 
olate a local- scale view to an entire •"egicr using radar roughnes information 
and surface pictures. For Mars, radar and infrared thermal inertia measure- 
ments were used to help select the Viking lander sites (^). At the Viking 
lander 1 site in Chryse Planitia there is good correlation between orbital 
and Earth-based remote sensing data and the views u.' the surface from the VL-1 
cameras. Radar measurements give rms slope values near 5.0° which suggests a 
relatively rough hlocky surface (2). High resolution orbital photography 
(8-10 in/pixel) give^ some indication that much of the region in Chryse near 
VL-1 is blocky and covered with nieter-scale drifts or dunes. Thermal inertia 
data from the Viking orbiter IRTM supports the oresence of blocks in the VL-1 
area as well (3). On the basis ot these correlations between surface rough- 
ness .easured on a regional scale by radar and on a local -scaU- by surface 
cameras for the Moon and Mars, we seek to explore the nature of the venusian 
surface in the same manner. To accomplish this, we use the Pioneer Ve.ius 
orbiter radar experiment data (roughness expressed oS C- factor or rms slope 
in degrees) and the Venera lander panoramas (Veneras 9, 10, 13, 14) and 
related data. Due to ^he similarities ' etween the spatial resolution ano 
wavelength of the PV and Apollo orbi.:al radars and the fact that the lurar 
radar roughi^ess does correlate with surface photography, we are Interested in 
comparing Venera panoramas with PV radar roughness. Is there a correlation 
between lander-scale roughness as seen in tne Venera panoramas and the 
regional-scale roughness near the landing sites as measured by the PV radar 
instrument? Can block abundance be related to radar roughness? How ao the 
lander site radar roughness signatures compare with the mean Venus roughness 
or with regional averages (i.e., for Aphrodite, Beta, Ishtar, etc.)? Here 
we focus on the PV radar data and the Venera lander panoramas in terms of what 
they can tell us of the local and regional scale gecloc of Venus. 

Before considerinq the radar roughness data for the Venus landing sites 
(see Table I), it is apuropriate to summarize the surface observations made by 
each spacecroft. Venera (Vj 8 measured a surface albedo in excess of 0.20, 
suggesting bright materials; and the K, U, and Th contept of surface materials 
usin' ,-ray spectrumetry and found evidence for syenitic material (5,6). 
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V 9 and 10 produced the first photographs of the surface, measured the albedo, 
and used y~ray spectrometry, discovering darker materials with K, U, Th con- 
tents similar to most basalts (5,6). The V 9 locality was littered with 
closely spaced fragments 5-70 cm in length and coarse fines could be observed 
amongst the somewhat ar .ular blocks (7). The local terrain appeared to be 
sloping at a 10®-15° angle, suggesting the landing was made on a talus slope 
(5,7). V 10 observed plate-like outcrops amid zones of soil and small pebbles 
"there were few isolated blocks as at V 9. Apparently dust was more easily 
mobilized at V 10 than at V 9 because photometry data suggests a significant 
dust cloud was produced after the free-fall landing. The slope of the local 
terrain appea.-^^ to be slight (8,9). V 11 and 12 did not obtain images, but 
ea>;h made ph''t. ..letri c measurements while on the surface. The results suggest 
thu* V 11 Id t' id on high albedo material (10). The PV Day Probe survived for 
over an hour on the surface--its particle detecting nephelometer recorded a 
po; -impact disturbance that can be interpreted as a dust cloud (8,11). V 13 
and 14 produced almost 360° panoramas of their local areas, as well as measur- 
ing the major element abu'^dances in surface rocks via X-ray fluorescence (12). 
The V 13 locality is reminiscent of the V 10 landscape, with slabby rocks and 
fine materials. A landing -induced dust cloud was large enough to emplace 
cm-scale clods or pebbles on the lander ring. The V 14 landscape is remarkably 
uni form— a continuous sequence of layered rocks (at cm-scale) characterizes 
the local area. The site is almost devoid of fines, pebbles, or isolated 
fragments . 

All of these observations illustrate the importance of scale in making 
correlations between radar and photographic observations. The radar (17 cm) 
is sensitive to scatterers (blocks, dunes, undulations) at 0.1 m to 10 m 
scales, but averaged over large a»'eas (> 160 km^), while the photographic 
observations have cm-resolution and cover an area 6 orders of magnitude smaller 
than the radar cell size (13). However, there is evidence from the Moon and 
Mars (1,3) that lander-scale areas are often representative of much larger 
regions. 

Ihe PV radar roughness data can be expressed in C- factor or rms slope 
format, and is derived from the radar altimeter measurements by means of fits 
to theoretical and empirical templates (13, 14). Our criteria for data selec- 
tion allows only those radar data points falling within a 1° circle about the 
most recent lander coordinates to be considered. In addition, C- factor data 
with an error of over 100% are ignored. All valid data (usually 50 points) 
are averaged (see Table I) and compared with the global Venus averages (avg. 

2.9°;17% of planet in 1 .5-2.0° range) . Over 60% of Venus is smoother than 
3.0° rms, yet most of the lander sites are rougher than this value. Table I 
describes our preliminary results. Our preliminary analyses thus fa»* permit 
the following general conclusions to be drawn: 

1) On Venus there appears to be a positive correlation (as on the Moon) 
between radar roughness and roughness observed in Venera surface panoramas. 

The roughest (blockiert) surface images have the highest rms slopes (above 4° 
rms) as determined by those PV radar footprints falling within the confidence 
level for the Venera landing ellipses. For example, V 9 is rocky and has a 
high average ms slooe ('v 4°), in contrast with V 14 which is almost devoid of 
rocks and has a low average rms slope ('^' 2,9°). 2) Much of the surface of 

Venus is smoother than the terrain viewed by the Venera landers (=*t least in 
terms of 17 cm radar roughness)--only the regions around V 8 and 14 are near 
to the Venus mean roughness ('v 2.9° rms). The V 10 landing region has an 
extremely uni form radar roughness character— all of the PV radar observations 
within the 1° landing ellipse clustef’ about an rms slope of 3.5°. The stan- 
dard deviation is 0.25°, versus 0.70’ for the next best landing area radar 
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roughness. This suggests the terrain seen by the V 10 spacecraft may be 
regionally extensive. 4) Both the V 8 (no imaging) and V 14 landing areas 
display a radar roughness character (in terms of rms slope) that falls within 
the global Venus average range (2.5°-3.0° rms). 5) The V 9 locality, with 
a surface Mock cover of over 35% (more blocky than VL-2 on Mars), has a 
radar roughness that is comparable to that for the VL-1 site on Mars (at 
similar radar instrument wavelengths). This provides further evidence for 
the agreement between radar and photographic observations of surface roughness 
on terrestrial planets (Moon, Mars, and Venus). 


References: D Moore, H. J. et al . (1980) Geo1 . Survey ^rof. Pape r 104 6-B, Washington, O.C., 

78 pp. (sec. X 34-41 ) . 2) PettengTTTTli. H. ( 1 975) , l^tron TTs tropTiys . 16, 265. 

3) Simpson, R. A. and Tyler, G. L. (1980) JGR 85, 6610. 4)^ MasursVy , H. and Crabill, N. L. (1981) 
^$A SP-429 , Washinjton, D.C., 34pp. 5) Keldysh, M. V. (1979) (ed) NASA TM- 7570 6, Washington, D.C. 

TS9pp 6) Barsukov. V. L. et al . (1981) Abs. in Inti. Conf. on Venus Environment, Palo Alto, 8. 

7) Florensky, C. P. et al . 115771 GSA Bul l. 88, 1557T' ?l“r^rvin , J . B . ( 19WTroc . LPSC 12B, 1493 
9) Moshkin, B. E. etTi . Tl979) Cosmic Res. 17, 232. 10) Ekonomov, A. P. et al. (T979) tosjnfc^ Res. 
17, 590. 11) RagentTir and Blamont, J7 (Y980) JGR 85, 8089. 12) Florensty;'T. P. et aT, (1982)^ 

Pisma V . Astron. Zhur. vi, 429. 13) Pettenglll, G. H. et al . (1980) ^ 85, 8261. 14) T^Uengi 1 1 , 

£. H. et"~a1. 09M) IE EE Trans. Geosci. Rem. Sens . GE-T8, 78. 


Table I : Radar roughness of Venus landing sites as derived from Pioneer Venus orbital radar 
experiment data (expressed as rms slopes on a scale of 1-10 m). 


Lander Site 

Coordinates 
(lat . ,lon. ) 

Average 
rms slope* 
( degrees ) 

Standard 
deviation 
rms slope 
(degrees) 

Range of 
rms slooes 
(degrees) 

Average 

error 

(?) 

rms slope 
data point 
(decrees) 

Venera 8 

(H72) 

-10°, 335,0^ 

2.77 

1 .04 

1. 1-5.1 

59 

2.2 

Venera 9^ 

(1975) 

31.7^ ,290.8" 

3.96 

0.90 

2.9-5. 7 

61 

5.4 

Venera 10^ 

(1975) 

16.0° ,291.0° 

3.53 

0.25 

3. 0-4.0 

53 

3.5 

Venera 11 

(1978) 

-14.0°, 299.0° 

3.18 

0.70 

2.2-3. 7 

51 

2.6 

Venera 12 

(1978) 

-7.0°, 294.0° 

5.27 

1.50 

3. 1-8.1 

61 

5.2 

Venera 13^ 

(1982) 

-7. 6°, 303. 5° 

3.57 

1.20 

1.9-5. 7 

56 

3.4 

Venera 14^ 

(1982) 

-13. 2°, 310.1° 

2.87 

0.69 

1.8-4. 2 

54 

2.3 

P-V Day 

(1978) 

-31. 2°. 317.0° 

3.23 

0.95 

1.6-4. 7 

43 

3.4 

VL-1 (Mars) 

'^1916) 

22.5°, 47.9° 

4. 7-5.0 

N/A 

4. 0-5. 7 

^^20 

5.6 


♦of all P-V radar data points within t 1" of landing site coordinates. 

■‘‘the radar data point nearest the landing coordinates with the lowest error In rms slope. 

^from earth-based radar observations made at Arecibo (12.6 cm) and Viking bistatic radar data 
[Simpson and Tyler, 1978, 1980; Tyler et a l . , 1976]. 

^surface images exist. 
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MECHANISMS FOR LITHOSPHERIC HEAT TRANSFER ON VENUS: PREDICTIONS FOR 

SURFACE VOLCANIC AND TECTONIC FEATURES 
Sean C. Solomon, Dept, of Earth and Planetary Sciences, M.I.T., Cambridge, 

MA 02139; and James W. Head, Dept, of Geological Sciences, Brown University, 
Providence, RI 02912. 

Introduction . The mechanism of heat transport across the outer 100 km 
of a planetary interior plays a pivotal role in determining the styles and 
magnitudes of tectonic and volcanic activity at the planet's surface. For 
the Earth, heat transport is dominated by the processes of plate creation, 
cooling and subduction [1]. For the smaller terrestrial planets, heat 
transport is principally by conduction through a globally continuous 
lithospheric shell [2]. For lo, volcanic activity at individual eruptive 
centers dominates the planetary heat flux [3-4]. For the planet Venus, the 
evidence on the mode of lithoshperic heat transfer is equivocal [5-9]. In 
this paper we evaluate each of the three mechanisms observed on other solid 
planets and satellites (plate recycling, lithospheric conduction, and hot 
spot volcanism) as candidates for the dominant process of lithospheric heat 

transport on Venus. Further, we make specific predictions for the type and 

distribution of surface volcanic and tectonic features expected for each 
mechanism. 

Plate Recycling . The creation of new lithosphere, its cooling during 
seafloor spreading, and its subsequent subduction account for about 65% of 
the current heat loss of the Earth, estimated at 4. 2x10^ the 
remainder of the heat loss is contributed by lithospheric conduction (20%) 
and radioactive decay in the continental crust (15%). Plate tectonics, in 

addition to its dominant role in heat transfer in the outer portions of the 

Earth, accounts for most of the characteristics of the large scale 
topography of this planet, including the mid-ocean ridges, the systems of 
trenches and island arcs, the linear mountain belts at Andean-type 
subduction zones or at Himalayan-type continental collisions, and 
ultimately the formation, growth and distribution of continents. Venus, 
similar in mass and radius to the Earth, is likely to have a roughly 
similar heat budget, an assumption consistent with the Venera measurements 
of surface radioactivity and the Pioneer measurements of atmospheric ‘*'^Ar. 
Scaling by mass from the Earth gives the Venus heat loss at 3 . 4 x 10^2 w. A 
reasonable hypothesis is that Venus, like the Earth, loses much of this 
heat by plate recycling. 

This hypothesis has been challenged in the literature on the basis of 
several arguments: (1) that topographic features indicative of plate 

tectonics can't be "seen" on Venus [5,6,10]; (2) that most of the Venus 
surface is "ancient" on the basis of the distribution of inferred impact 
craters and basins[10]; (3) that because of the high surface temperature, 
the Venus lithosphere is less likely to subduct than oceanic lithosphere on 
Earth [8,11]; and (4) that because of the high surface temperature, plate 
recycling is a less "significant" process for removing heat than on Earth 
[ 12 ]. 

These arguments are all assumption-dependent, however, and it can be 
demonstrated [l',14] that none of them are sufficiently compelling to rule 
out plate recycling on Venus at present. In particular, the search for 
topographic analogs on Venus to plate tectonic features on Earth is made 
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difficult by the coarse horizontal resolution of Pioneer Venus altimetry 
and, for oceanic-type features, by the lack of an ocean and by the likely 
lesser temperature drop across the lithospheric thermal boundary layer on 
Venus [5-8]. Further, many terrestrial tectonic features may owe their 
principal characteristics to the abundance of surface water or to the low 
temperature rheology of rocks. Island arc volcanism, for instance, may 
require the subduction of material containing free water or hydrated 
minerals and the release of that water at depth to initiate melting. 

Notably, there are topographic features, such as linear mountain belts, 
continental -si ze7~plateaus and arcuate ridges and troughs, which resemble 
terrestrial features of plate tectonic origin [7, 10]. 

The hypothesis that plate recycling dwni nates lithospheric heat 
transport on Venus leads to the prediction (Table 1) that the rolling plains 
and lowlands provinces [10] are analogs to terrestrial ocean basins. In 
order for plate recycling to remove the necessary heat, spreading centers 
would be characterized by rapid spreading rates and modest relief in 
comparison to Earth. The Venus highlands [10] would be analogs to 
terrestrial continents, at least in terms of greater crustal thicknesses and 
probably greater ages of surface units than elsewhere. Venus mountain belts 
would form as on Earth, by continental collision (Himalayan analog) or in 
the process of subduction beneath continental lithosphere (Andean analog). 

Conduction . If all of the heat from Venus were transported by 
conduction, the lithospheric thermal gradient would be roughly twice that in 
terrestrial ocean basins [15], or about 24°C/km. Thus temperatures 
corresponding to the base of the thermal lithosphere in oceanic regions on 
Earth [15] would be reached at about 40 km depth. It is difficult to 
envision mechanisms for supporting the 13 km of relief on Venus if the 
thermal lithosphere is this thin. One likely implication of the hypothesis 
that conduction dominates heat transfer on Venus is that all surface 
topographic relief, at least on scales smaller than characteristic 
horizontal scales of mantle convection, must be geologically young. 

The hypothesis that lithospheric heat flux on Venus occurs principally 
by conduction leads to the prediction that major topographic features are 
the response of a readily deformable lithosphere to shear tractions 
associated with mantle convection (Table 1). Modestly elevated regions in 
the rolling plains may be areas of recently extended and thinned crust and 
lithosphere, areas which will subside to lowland elevations during litho- 
spheric cooling and thickening [16]. The more elevated highlands may be 
areas of thickened crust and lithosphere resulting from lithospheric 
compression. 

Hot Spot Volcanism . If on Venus, as on lo, the dominant mechanism of 
lithospheric heat transfer is volcanic activity at individual vents, then 
there are profound implications for volcanic flux and rates of resurfacing. 
The most prominent hot spot on Earth, Hawaii, has an average volcanic flux 
for the past 42 m.y. of 2x10"^ kmVyr [17]; at this rate Hawaiian volcanism 
contributes less than .01% of the Earth's heat loss. Whether the number of 
important hot spots on Earth is 20 [18] or closer to 100 [19], the total 
contribution of hot spot volcanism to terrestrial heat loss is minor. If 
all of the Venus heat were lost by hot spot volcanism, a total of lO** 
"Hawaiis" would be needed, or one "Hawaii" for each 200-km square of Venus 
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surface. Every 2 m.y. these hot spots would add enough volcanic material 
to cover the entire Venus surface to a deph of 1 km. 

The hypothesis that hot-spot volcanism dominates lithospheric heat 
transport on Venus leads to the prediction that most topographic features 
are of volcanic origin (Table 1). In particular, the Venus highlands would 
most likely have been formed by volcanic construction. Tectonic activity 
in the absence of large-scale horizontal motions should be principally 
restricted to that associated with vertical motions of the lithosphere. 

Conclusio ns. Without more detailed information on the Venus surface, 
all of the mecl^anisms for lithospheric heat transfer considered here should 
be considered as potentially important for Venus. So, too, should 
scenarios in which combinations of mechanisms operate [e.g., 8] or in which 
the dominant mecnanism changes during the course of planetary history 
[e.g., 5]. Ithough the specific implications of these mechanisms for 
tectonic and volcanic features on the Venus surface are quite different 
(Table 1), each of the hypotheses that one of these mechanisms dominates 
leads to the prediction that many if not most of the topographic features 
of the Venus surface are geologically young. 


Table 1. Implications of End-manber Hypotheses for Lithospheric Heat Transport on Venus 


Surface Characteristics 
Volcanic activity 

Tectonic features 

Ages of surface unit‘d 

Nature of mountain belts 

Nature of highlands 

Nature of rolling plains 
and loMlands 


Plate Recycling ^ 

Extensive; activity 
dominantly at 
divergent boundaries 

Widespread; dominated 
by plate interactions 


.oiling plains and 
lowlands geologically 
young (< 10* yr) 

Products of plate 
convergence 

Analogs to terrestrial 
continents 

Analogs to terrestrial 
ocean basins 


Lithospheric Conduction 
Hi nor 


Possibly extensive 
deformation of 
thin lithosphere 

Unconstrained; ancient 
Impact features may 
be preserved 

Anomalously thick crust 
and 1 1thosphere 

Thickened crust and 
lithosphere 

Thinned crust and 
lithosphere 


Hot-Spot Volcanism 

Extensive; active 
centers nearly 
cover surface 

Primarily vertical 
tectonics 


Huch of surface 
young (1 10^ yr) 


Volcanic constructs 


Thickened volcanic 
crust 

‘Normal* -thickness 
volcanic crust 


References : [1] J.G. Sclater et aU , RGSP , 18, 269, 1980; [2] S.C. Solomon, GRL, 5, 461, 1978; [3] O.L. Hatson 

et aTT, JGR, 1664, 1981 ; [4] T.C. ITReilTy and G.F, Davies, GRL, 8, 313, T9ffl;^5] R,J, Phillips et al.. 

Science , ^2, 879, 1981; [6] R.L. Arvidson and G.F. Davies, 6RL, “57 7Tl, 1981; [7] J.W. Head et al., /Vner. Scl., 
69. 614, 1981; [8] R.J. Phillips and M.C, Hal in, In Venus , in pre?s, 1982; [9] G.W, Brass and C.G.A. flar^sofTT" 
49, 86. 1982; [10] H, Masursky et al . , JGR, WT^ZZZ, 1980; [11] O.L. Anderson, GRL, 8, 309, 1981; [12] 
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Wolfgang E. Elston, Department of Geology, University of New Mexico, 

Albuquerque, ^ 87131 

The great Impact-versus-volcanlsiD controversy of the 1960's seems 
naive In retrospect, as both processes are now well-established on the 
Ifoon and Inner planets. Exploration of space coincided with the rise 
of terrestrial plate tectonics; both gave new perspectives to planetary 
evolution. We now recognize a continuum, ranging from small and rela- 
tively Inert bodies like the Moon and Mercury, on which Impact scars 
are dominant features, to larger and dynamic bodies like Earth, on 
which Impact features are relatively obscure. However, no body of the 
Inner solar system turned out to have been miraculously shielded from 
early intense accretionary bombardment, or later stages of protracted 
but diminished cometary and/or asteroldal bombardment. All bodies the 
size of the Moon or larger were shown to have complex thermal histor- 
ies, sufficient for two principal stages of partial melting on the 
early )foon. On Earth, the Internally heated lithosphere has Interacted 
with the externally heated hydrosphere and atmosphere to create the 
ocean-continent dichotomy and vigorously Interacting lithosphere 
plates. While the largest nunber of terrestrial volcanoes Is at 
plate boundaries, there Is a strong tendency for volcanic edifices to 
develop their largest sizes In plate Interiors, both oceanic aiid con- 
tinental . 

Mars occupies an Intermediate position between smaller and long- 
inert bodies like the Moon and Mercury and dynamic bodies like Earth. 

There Is no evidence for true plate boundaries or for true continental 
crust. Even on topographically high regions like the Tharsls Ridge, 
large volcanoes take forms more characteristic of the Interior of ter- 
restrial oceanic plates (e.g. , Hawaii) than of either the Interior of 
continental plates or plate boundaries. 

In the Earth-to-Moon continuum, what is the position of Venus? 

By analogy with Mars, there has been a tendency to Interpret large 
constructs as volcanoes and possible crater-llke features as Impact 
sites. Actually, It is possible that large accretionary Impact 
craters have been destroyed or obscured by processes analogous to 
development of thin and primitive continental cruet. On Earth, forma- 
tion of slal Is furthered by both sedimentary and magmatic processes. 
Sedimentation effectively differentiates primitive basaltic crust, by 
removing Na to sea water and evaporltes, Ca to limestone; Mg to dolo- 
mite and sea water, and Fe to specialized chemical sediments, leaving 
a residue enriched In SI, Al, and R (l.e., slal). Analogous processes 
are less efficient on Venus. Although chemical weathering may be 
effective, transportation and redeposltlon are likely to be Ineffec- 
tive In the absence of water. However, magmatic processes like those 
of the primitive Earth, leading to sialic segregations, may well have 
been operating on Venus, to form thin contlnent-llke crust. It 1^ 
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precisely In aress of thin or thinned contlntal crust. In plate Inte- 
riors, t t the largest terrestrial volcano-tectonic caldera complexes 
occur. In tenslonal tectonic regimes, crustal thinning results In 
rising Isotherms and partial melting of sialic components. The results 
can be seen In large calderas and ring complexes, tens of km to > 100 
km In diameter, partly burled under their own ejecta of Ignlnbrltes and 
other pyroclastic materials. Poorly understood thermal events have 
resulted In this style of eruption over wide continental areas of Earth, 
sufficiently far removed from plate boundaries so that no simple con- 
nection with plate-boundary processes has been established. The Pan- 
African event, about 500 to 700 m.y.b.p.. Is a possible example; by one 
Interpretation (Kr'dner, 1979) It represents a transitional stage of 
continental evolution, from pre-plate tectonic to plate tectonic. The 
truly gigantic Proterozoic ring coc^lexes (up to 900 km diameter) pos- 
tulated by Rloosterman (1966 and personal communication, 1973) In the 
Guiana shield of Brazil may have formed under similar circumstances. 

In Fuanerozolc time, intraplate thermal events are more likely to have 
occurred In continental rifts and enslallc backarcs, where crustal 
thinning temporarily caused a reversion to Precambrlan-llke conditions. 
The Basin and Range province of southwestern North America Is an example 
(Eaton, 1982). About 200 and 500 ignlnlrlte caldera comp lexes 2 formed 
there between 40 and 20 m.y.b.p., over an, area of 1 million km , during 
a period of massive ductile extension of the continental lithosphere. 

It Is proposed that terrestrial Intraplate continental areas of 
extenslonal tectonic regimes and lithosphere thinning may be analogs 
of cratered terrains of Venus. The crater-like features on Venus would 
be Interpreted as large calderas or volcano- tectonic depressions, formed 
on a thin continent-llke crust In a primitive state of evolution. 
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VENUS, ASIAN VOLCANOTECTONICS, AND LANDSAT AND SHUTTLE IMAGERY. 


J.L.Whitford-Stark, Geology Dept. Sul Ross State University, Alpine 
Texas 79830. 

The K-U systematics of the Venusian surface materials derived by 
analysis of Venera 8, 9, and 10 data indicated the presence of two rock 
types; one with properties characteristic of tholeiitic basalts, and the 
other with the properties of alkali basalts and basanites(l). A similar 
dichotomy has been found between materials at the Venera 13 and 14 sites 
(2). The sites with alkali basalt character! sties (Veneras 8 and 13) are 
generally topographically higher than those with tholeiitic characterist- 
ics. Although alkali basalts are found on oceanic islands on Earth, the 
majority of alkali basalts are found in continental environments. 

The author has been compiling volcanic, tectonic, and geochemical data 
(3,4) for mainland Asia in an attempt to relate all three, and to provide 
a data base for comparison with extraterrestrial bodies. The major Ceno- 
zoic volcanic areas and tectonic features of Asia are illustrated in Fig. 

1. The area is one of extreme structural complexity containing areas of 
continent-continent collision, ocean-continent collision, back-arc basin 
development, rifting, transcurrent faulting, and domal uplift. Volcanism 
appears to be relatable to each of these environments. Fig. 2 shows the 
compositional variation among the Asian volcanics. It is possible to 
distinguish three types of variation among the separate provinces. Firstly 
there are those provinces with little variation(B,F,H,L,M). Secondly, 
those with mild alkali enrichment(G), and, thirdly, those with strong 
alkali enrichment(A.E,J,N,P). Province J could be separated from the third 
group as a result of a possible "Daly" gap. In the context of a venusian 
comparison, two interesting areas are Provinces G(Mongolia and Manenuria) 
and P (Tibet). Province G is currently located far from any plate boundary 
and volcanism is mostly associated with large faults. The province is 
dominated by alkali basalts of deep-seated origin with few silica-rich 
volcanics. A detailed study of the Wudalianchi area of Province G has been 
submitted for publication(5) and a Landsat analysis of the area is underway. 
The volcanics of Tibet result from the continental collision between the 
Indian and Eurasian plates. Although the materials are as alkaline as those 
of Province G, silica-rich materials abound(4). Along the Baykal rift zone 
(F), alkali basalts are found in quantity only at the extreme northeastern 
(Vitim Plateau;E) and western(Tuva;G) . Differentiated volcanics with up to 
62 % Si02 are found on the Vitim Plateau(4). The volcanics of Province N 
result from the eastward subduction of the Indian Ocean and range in comp- 
osition from andesitic in the west to basaltic in the east. The Tengchong 
district of China is thought(6) to mark the easternmost boundary of the 
Indian pi ate. Northern Tengchong, composed of olivine basalts, was imaged 
by the Shuttle Imaging Radar experiment (7). 

On the basis of the Asian volcanic compositions, it is predicted that if 
plate tectonics has occured on Venus there will probably be substantial 
volumes of silicic volcanics. If plate tectonics has not taken place, the 
"continental" terrains will probably be dominated by alkali- and volatile- 
rich extrusives. A further feature of the continental volcanics of Asia is 
that they tend to form flat-lying lava fields with associated cinder cones 
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(4,5,7), not large central-vent volcanoes. If the topographically high 
features of Venus, such as Beta Regio, are of volcanic oripio, an origin 
via a process similar to that resulting in terrestrial oceanic island 
formation would seem more consistent with their morphologies than a form- 
ation via plate interaction. A rift and dome analogy (8) for the Beta Regio 
area would not, however, be inconsistent with the Baykal data. 

References ; 1) Surkov, Yu. A. 1977 Proc. Lunar PI anet.Sci .Conf. 8th, 2665-2689 
2)Wilson,L. 1982 Nature 296, 607-608. 3) Whitford-Stark,J.L. 1981 Reports 
of Planetary Geology Program-1981, p. 180-182. 4^ Whitford-Stark,J.L. 1983 
J.Volcanol .Geotherm. Res. in press. 5) Feng,M. and Whitford-Stark,J.L. 1983 
J.Volcanol .Geotherm. Res. submitted. 6Fan,P.F. 1978 Tectonophys.45, 261-267 

7) Whitford-Stark,J.L. 1982. Submitted to Spaceborne Imaging Radar Symp. 

8) McGill, G.E. et al 1981 Geophys. Res. Lett. 8, 737-740. 

Figure Captions : 

1. Volcanotectonic map of eastern Asia. Horizontal ruling represents back- 
arc basins; solid shading is Cenozoic volcanics - paleogeographic recon- 
structions for the U.S.S.R., outcrop for remaining areas; lines with solid 
triangles are plate boundaries; lines with hollow triangles are former 
plate boundaries; hachured lines are rifts; remaining lines are large 
faults with direction of motion indicated, where known (from 4). 

2. AFM diagrams for the Asian volcanic provinces. Province A is the east- 
ern seaboard of the U.S.S.R., B is the Aniusky Range, E is the Vitim 
Plateau, F is the Baykal region, G is Mongolia and parts of Manchuria and 
the southern U.S.S.R., H is northeast China and the eastern U.S.S.R. inland 
of the coastal belt, J is northern Korea, L is eastern China, M is Indoch- 
ina, N is Burma, and P is Tibet. 
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THE EFFECT OF CRUSTAL VISCOSITT ON IMPACT CRATERING OF ICT SATELLITES 
Fink, Greeley, R. (Geology Depertaeat, Ariiona State Univeraity, Teape* 

AZ 85287) and Ganlt, D,E« (Nnrphyt Center for Planetology, Nnrphya, CA 9S247) 

lapact craters are the principal geologic structures arailable for the 
remote determination of planetary crustal properties. Individual craters* 
morphologies and the planetary statistics of crater sizes and shapes have both 
been used to infer the nature of regoliths, stratigraphy, and relative ages of 
surfaces on the Moon, Mercury and Mars. Hypervelocity impact experiments into 
sand and other dry targets have provided an empirical basis for scaling laws 
relating crater dimensions to impactor properties, gravity and the crustal 
strengths of these planets. The presence of near^snrface volatiles on Mars 
has been used to explain the fluid'll ike e j ; ^ta morphology of some of its 
craters. Experiaents designed to simulate such impacts require targets 
capable of fluid behavior, and clay slurries with Bingham type r^ieologies 
proved most successful (Gault and Greeley, 1978) Greeley et al., 1980, 1982) 
Fink et al., 1981). 

The galilean and saturnian satellites provide new cratering conditions to 
evaluate which favor a different scaling relation that taLes account of the 
viscosity of the planetary surface as well as gravity and crustal strength. 

In order to investigate the effects of viscosity independent of target 
strength, we have performed a series of 218 impact experime at the NASA 

Ames Vertical Gun Facility, using homogeneous Newtonian oil targets (Fink et 
al., 1982). Viscosities ranged from 0.01 to 10* Pa*s, while surface tensions, 
densities and thermal properties remained nearly constant. 

By measuring transient crater bowl diameters in high speed motion 
pictures, we were able to derive empirical relationships among crater size (V) 
and shape (depth-to-diameter ratio) , impactor diameter (Dp) , mass (m) and 
ve: city (U), and target viscosity (q) and density (p). Two distinct reiimes 
can be defined by plotting the dimensionless groups *[Vp/ml [1.6lgDp/U*l* ** 
and n^=In/pDpU]. Below a value of about n, *0.005, dimensiotless volume (n^) 
is independent of target viscosity, whereas for values of larger than about 
0.1, volume decreases steadily as viscosity increases, and is Independent of 
gravity. C)?ater depth-to-diaveter ratios show a similar two-part dependence 
on viscosity. Below the transition, all craters have approximately the same 
shape. For larger values of n,, craters have progressively smaller diameters 
for a given depth (or equivalently, craters of the same diameters are deeper). 

If ve assume that these criteria can be extrapolated to planetary scale 
craters, then viscous effects will be favored by small impacting bodies 
traveling at low velocities hitting planets with low values of g and high 
kinematic viscosities. Conditions on the icy satellites may favor this 
viscous regime, especially in the saturnian system where slow moving impacting 
bodies have been postulated and where the small satellites have low 
gravitational accelerations and low surface densities. 

The relative ages of craters on icy satellites have beer estimated from 
their depth- to-d lame ter ratios (e. g. , Passey and Shoemaker, 1982) . Iheae 
interpretations assume that all crater;: form with bowl-shaped profiles and 
then relax by slow viscous flow over geologic time. Flatter craters are thus 
assigned greater ages than dee; er craters. However, trar sient craters in 
viscous materials could havw relatively greater depth-to-diameter ratios than 
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erkt«rs in ndjnotnt t«rrnlns with dlffertnt aatnrinl propnrti**. Thnt, for 
•xnapl*. If an lojr sattlllta had soao ragiona with high haat flow, that# sight 
yiald aora fluid alnrriaa during iapaot. Rapid raadjuataant than could 
produca final oratara with lowar dapth-to-diaaatar ratioa than thoaa in ooldar 
araaa. Siailar aabiguitiaa could ariaa froa iapactora of different velocitiaa 
or aiaaa hitting identical aurfacaa. 

In auaasry, relative age datarainationa of diff<'rant aurfacaa on the icy 
aatallitaa anat taka into account the poaaibility tnat oratara aubj acted to 
viacoua aoaling lava would have diffarort ahapaa and voluaaa than thoaa 
controlled aolaly by gravity. 

REFERENCES CITIU) 

Fink, J.B., Greeley, R. and Gault, O.B. (1982) The affect of viaooalty on 
iapaot cratering of the icy aatnrnian aatallitaa. Gaophyaical Reaearch 
Lattara [in praaa] . 

Pink, J.H. , Greeley, R. and Gault, D. E. (1981) lapact cratering expariaanta in 
Blnghaa aatarlala and the aorphology of crater a on Mara and Ganyaada. 
Proc. Lunar Soi. Conference, 12th, p. 1649-1666. 

Gault, O.E. and Greeley, R. (1978) Exploratory expariaanta of iapaot oratara 
foraed in viaoona~liqnid targeta: Analoga for aartian raapart craters? 
loarna, v. 34, p. 486-495. 

Greeley, R. , Fink, J.B., Gault, D.E. , Snyder, D.B. , Gueat, I.E. and Sohultx> 
P.B. (I960) lapact cratering in viacoua targets: Experiaental results. 
Proc. Lunar Planet. Sol. Conf., 11th, p. 2075-2097. 

Grealay, R. , Fink, J.B., Gault, D.E. and Guest, J.E. (1982) lapact cratering 
in aiaulated icy satellites. Jn The Satellites of Jupiter (D.K. 
Morrison, editor) Dniv. Arisons Praaa [in press]. 

Passey, Q. R. and Shoaaaker, B.M. (1982) Craters and basins on Ganyaede and 
Callisto: Morphologic indicators of crustal evolution. In The satellites 
of Jupiter (D.M. Morrison, ad.) Dniv. Arisons Press [in press]. 


tiSlGlNAL PAGE IS 

OF POOR quality: 


102 



ORIGIN/^L PAb£ IS 
OF POOR QUALITY 


Mudrains on Mars — What Causes Ejecta to Flow ? 

Michael C* Malin, Department of Geology, Arizona State University, Tempe, 

AZ 85287 

Craters with multiple, lobate ejecta blankets with distal and surflcial 
evidence of flow have been the subject of considerable and often heated 
debate since their identification in Viking Orbiter images. In a literature 
of papers and abstracts far too voluminus to cite in toto here (see e.g., 

1, 2 as representative examples) numerous investigators have examined the 
distribution, morphology and relevant photogeological criteria, discussed 
possible emplacement mechanisms, and evaluated environmental or geophysi- 
cal implications of these mechanisms. Laboratory experiments have sought 
to simulate, at least on a small scale, features of flow-ejecta craters. 
Theoretical models have attempted to Isolate diagnostic criteria by para- 
meterizing flow behavior. The diversity in interpretation is at least as 
great as the number of different names by which these craters are called. 

Essentially all interpretations invoke some form of volatile-silicate 
rock interaction, though the details vary widely. It is probably safe to 
say that among the leading ideas are 1) interaction of rock ejecta with 
volatile atmospheric gasses (either by aerodynamic breaking (3) or by 
ingestion and fluidization) and 2) interaction of rock and volatile ejecta, 
with the ejected volatile most often discussed being liquid water. Examin- 
ations of target materials, at least in small scale laboratory impact 
experiments, have concentrated on relatively low viscosities ($ 10^ poise) 
and strengths. 

A third idea might be to combine the ejection of volatile materials 
and post-ejection interaction of these materials with the ejected rock 
material. Such a concept would draw upon the experience of terrestrial 
volcanologists and sedimentologists who encounter such phenomena in the 
formation of accretionary lapilli and pisolites in conditions of high at- 
mospneiic water vapor and dust content (e.g., as in pyroclastic volcanic 
eruptions). Applying this idea to hypervelocity impact cratering might 
lead to the following scenerio: 

1. Impact into rock and ice materials. Ice may be either inter- 
stitial or segregated. Frozen water reduces the need for special 
environmental, geothermal, or stratigraphic requirements, 

2. Ejecta in the form of a) rock fragments, b) ice, c) steam, and d) 
a very small amount of water (probably negligable) . It is the 
steam (some percent of the total available volatile) that is 
important . 

3. As ejecta curtain expands, the steam cools and nucleates on the 
dust in the cloud, forming droplets. The timescale for this nuclea- 
tion and droplet formation is less than the ballistic flight-time 
for ejecta from craters of a certain size or larger. 

4. Droplets of condensed water and dust (e.g., accretionary lapilli 
or pisolites) cool much more slowly than steam. Timescale for 
freezing is greater than flight time. 
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5. Ejecta strikes ground as mud drops and chunks. Flowage occurs as 
deposit integrates, aided by liquefaction. 

6. Materials ejected at differing angles and/or experiencing different 
heating histories during impact account for multiple deposits. 
"Jetted** materials have short flight-times, high, oblique velo- 
cities, and hence have little chance to allow condensation. Thus, 
they form distal secondary craters. Some materials fall in areas 
of condensation, but segragation of volatile and non-volatile 
phases allowi» concentric zones of increasing and then decreasing 
water content. Innermost area has materials that are again **dry*' 
or **dryer’* and give rise to thicker, more viscous flows. 

7. Small craters do not have flow ejecta because travel times are 
less than condensation times. 
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DistritxiticOT of Craters on the Mcyn and Callisto 

Alex RuHcIm* an^ Robert ^tromV Lunar' and Planetary tabbratory. 
University of Arisonaf Tucson* AZ 85721 

T^e crater size/frequency distribution on Callisto (and Ganymede) has 
a marked deficiency of craters greater than about 30 kn diameter relative 
to the heavily cratered regions on the terrestrial planets (Mercury* Noon 
and Mars). This deficiency has been attributed to either (a) an 
obliteration of large craters by viscous relaxation when the crust of 
Callisto was more themally active (1* 2*)* or (b) the impact of a 
population of objects which was intrinsicilly deficient in large objects 
(3* 4). 

To distinguish between these two explanations* Woronow and Strom (4) 
conducted a Monte Carlo conputer simulation in which a lunar highlmd 
size/frequency distribution was imprinted on a surface and craters 
eliminated in such a way as to produce the observed Callisto 
size/frequency distribution. Ihe simulation was coopletely independent 
of any assumptions concerning the thermal history* crustal-thickness 
history or ice rheology of Callisto. The simulated surface (Fig. 2d) 
showed a crater ^tial distribution markedly different from that 
observed on Callisto (Pig 2c). On the simulated surface* extensive 
uncratered areas were produced by the obliteration of large cratersi a 
condition not observed on Callisto. Gurnis (5) carried this approadi 
farther by using a variety of size distributions in the Monte Carlo 
simulation and comparing the resulting spatial distributions with that 
observed on Callisto by "nearest neighbor" statistical methods. This 
more rigorous study confirmed the previous results and set more accurate 
limits on the amount of large-crater obliteration on Callisto. Both 

studies indicate that the observed crater size/frequency distribution on 
Callisto is essentially a production population which differs 

significaritly from that on the terrestial planets. 

In order to further test these Monte Carlo conputer results* an 
actual surface of the lunar farside highlands was selected to perform a 
somewhat similar simulation for comparison with Callisto. Although two 
lunar areas were i ii tally chosen for their apparent lack of plains and 
secondary craters, one of these areas has a super -abundance of analler 
craters relative to oti.er regions of the lunar highlands. Until we 
understand the reason for this anomaly (possibly clusters of secondaries 
from Orientale and another nearby basin) * only the more typical region 
will be considered in this preliminary report. 

The goal of this study was to compare the spatial distribution of 
craters 8 km diameter on an area of Callisto with that of a lunar 

highlands area from which craters had been removed to produce the 

CalHsto size/frequency distribution. The region on Callisto was one 
used earlier by i^oronow and Strom (4) for their comparison with the Monte 
Carlo simulacion, and comprises an area of 6.4 x 10^ km^ (Pig 2c). 
The similar-sized lunar area (6.2 x 10^ km^) is centered at 160^* 
65*^ in the farside north polar region (Pig. 2a) . 

Craters in the lunar area were mapped and classified according to 
degradational type using the five- fold LPL scheme where Clr.ss 1 is the 
freshest and Class 5 the most degraded. The size/frequency distribution 
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was Uien determined and compared with that £oc the Callisto area (Fig. 1) . 

Ciaters were removed from 
the lunar area so that the 
size/frequency distribution 

matched that of the Callisto 
area The obliteration sequence 
was determined by the 
deg; :idational state of the 
criers; the older degrekSed 
cri :ers were removed first 
followed by progressively 
4 :resher craters. At the larger 
size even some of the relatively 
fresh craters had to be removed 
to 1 eproduce the Callisto curve. 

Figure 2af shows the q>atial 
dis ribution of craters in the • *■ m m mm m *■ «mm 

lun >r area vhile Fig. 2b shows 

the distribution after the Fig. 1. Size/frequency distributions 

appropriate miober of craters for the lunar and Callisto areas 

were removed to produce the shown in Fig. 2a and c. 

observed Callisto size/frequency distribution (Pig. 1) . A visual 
coqparison of Figures 2b and 2c shows that the spatial distributions of 
the} two areas are very different de^ite the similarities in the overall 
crater density and size/frequency distribution. On the lunar area there 
are large relatively crater-free regions not observed on Callisto, 
^?ecause of the necessity of removing substantial numbers of large, 
relatively fresh craters in order to derive the Callisto size 
listribution. On the other hand, the derived spatial distribution of 
he lunar area (Pig. 2b) is similar to Figure 2d, which is the ^tial 
( istribution derived from the Monte Carlo computer simulation of a 
lunar-like inr^t history done by Wbronow and Strom (4). Ihis confirms 
the vcilidity of tiie earlier Mnnte Carlo simulations. 

The results of this study, together with those of the Monte Carlo 
coR^uter simulations, strongly suggest that the Callisto (and Ganymede) 
crater population is basically a production population deficient in 
large craters relative to that of the terrestrial planets. This 
indicates that the population of impacting objects re^nsible for the 
peri^Jd of heavy bombardment in the inner Solar System vas different from 
that at Jipite;', ond probably had a different origin as viell. 
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Fig. 2. Spatial distributions of craters observed on the lunar 
area (a) the Callisto area (c) , after crater removal 
from lunar area to produce Callisto size/frequency 
distribution (b) and from Monte Carlo computer simulation 
(d) . Scale bars represent 100 km. Fig. 2c and d are 
from Uoronow and Strom (A). 
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Effects of the Lunar Orientale Impact 
oh' the Pre-Existing Crater fepulation 
Robert G. Stron, Alex Moconow and John Spencer 
Lunar and Planetary Lab., Univ. of Arizona 
Tucson, Aziona 85721 


The crater size/freq>iency distributions were studied in a haais{^ere 
of the Mcx>n centered on the Orientale basin in order to determine the 
effects of basin ejecta on the pre-existing crater population. The 
Orientale-oentered hemi^^ere was gridded radially and concentrically into 
1440 equal-area segments. Crater diameters down to 8 km have been used 
over most of this hemisphere, but some regions are measured down to only 
20 Km. Regions of mare flooding were eliminated from the study. 

Basin ejecta has two effects on the pre-existing crater population: 
(1) a diameter dependent obliteration within the continuous ejecta blanket 
out to about one basin radius, and (2) the addition of secondary craters 
beyond this distance. The size/frequency distributions were conpared with 
each other as a function of radial distance and azimuthal direction with 
re^)ect to the Orientale basin, and these, in turn, «4iere compared with 
distributions in other highland areas. Finally, all size/frequency 
distributions were compared to the crater population superposed on the 
Orientale basin and continuous ejecta deposits (Hevelius fm.). This 
crater population is a production population uneffected by basin secondary 
cratering and ejecta blanketing, and represents the pre-mare accumulation 
of craters near the end of heavy bombardment through the post-mare epoch. 
The size/frequency distribution of the post-Orientale/pre-mare crater 
pc^xilation is different from the post-mare population at the 99% 
confidence level, and similar to the average highland population at the 
same confidence level (Fig. 1) . Ihe similarity between the 
post-Orientale/pre-mare crater pqpulation and the average lunar highlands 
ijqplies that in general the highlands crater population is in production 
and r^resentative of the impacting bodies responsible for the period of 
heavy bombardment. (1) 

Pig. 2 shows the size/frequency distributions of highland craters in 
the hemi^>here surrounding the Orientale basin beyond the continuous 
ejecta blanket. The dashed line is the distribution on the front side 
highland portion of the heroisf^re while the solid line is the 
distribution on the farside portion of the hemi^ere. The farside 
hemisphere distribution shows a knee in the curve below a diameter of 
about 20 km which probably represents a significant contribution of 
Orientale basin secondcucies. However, the knee is not present on the 
frontside curve. This, together with the asymmetric distribution of the 
continuous ejecta blanket, suggests that the Orientale basin was formed by 
an oblique impact coming from the southeast which preferentially 
distributed secondaries on the farside hemisp^re. To test tow common 
this secondary distribution is, the crater size/frequency distribution of 
two areas of the farside 150° distant from Orientale idiere studied. 
These areas were chosen for their lack of plains units and great distance 
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from Orientale. Die size/frequency distribution of one area (Riemani, 
Fabry, Olcott) shows a knee in the curve below 20 km diameter, while the 
other (Hertz, Pasteur, Ring) does not (Fig. 3). Diis suggests that 

concentrations of basin secondaries is spotty, but locally can be great 
enough to significantly alter the shape of the highland crater 
distribution at diameters less than 20 km, a circumstance first recognized 
by Wilhelms, et. al. (2) . Based on the comparison between the 

post-Orientale/pre-mare and highland curves, we conclude that locally, in 
particular the farside region surrounding Orientale, secondaries from 
Orientale and other basins cause a knee in the size/frequency distribution 
below 20 km diameter. In other areas the contribution from basin 

secondaries has not significantly altered the primary crater 
sizc/frequency distribution, at least between 8 - 20 km diameter. 

Ihe Orientale continuous ejecta blanket out to about a basin radius 
from the basin rim (Cordillera Mts.) has either obliterated preexisting 
craters or degraded them to Classes 4 and 5. Almost all craters 
superposed on the ejecta blanket are fresh Class 1 craters. Those 
underlying the blanket are degraded Class 4 and 5. No Class 3 craters are 
present within the ejecta blanket. This indicates that the ejecta blanket 
has degraded all pre-existing Class 1-3 craters to Class 4 or 5 
craters. Die obliteration of pre-existing craters within the blanket has 
been substantial (Fig. 4). The percentage of craters obliterated ranges 
from about 80% for craters 8 - 12 km diameter to about 40% for craters 
greater than 50 km diameter. Beyond a basin radius no significant crater 
obliteration has occurred for diameters greater than 8 km. 

In suraraary, the size/frequency distribution of craters in most areas 
of the highlands represents the primary production peculation for 
diameters greater than 20 km. In the farside region surrounding Orientale 
out to at least 90° from the basin center, basin secondaries have caused 
an excess of craters at diameters less than 20 km. This excess of smaller 
craters is found locally in some other areas of the highlands and also is 
probably the result of secondaries from other basins. The size/frequency 
distribution in other areas of the highlands is essentially identical to 
the post-Orientale/pre-mare population and appears not to be significantly 
effected by basin secoiadaries larger than 8 km diameter. Within one basin 
radius up to 80% of pre-existing craters (8 - 12 km dia.) can be 
obliterated by the continuous ejecta deposit. Beyond that distance no 
significant obliteration occurs for diameters greater than about 8 km. 
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PROCELLARUM, A GIANT PLANETARY BASIN 

Don E. Wilhelms, U.S. Geological Survey, Menlo Park, CA 94025 

Cadogan (1974, 1981' and Whitaker (1961) proposed that a giant impact 
basin controls the semicircular outline of Oceanus Procellarum and occupies 
much additional area of the Moon's near side. Cadogan estimated the dia- 
meter of the "Gargantuan" basin as 2400 km and its center as 23* N., 29* 

W. He also suggested that an early volcanic filling by KREEP basalts 
explains the concentration of KREEP in the Imbrium-Procellarum area, and 
thac ejected "anorthosite" (aluminous terra material) explains the high 
Al/Mg ratios detected on the limbs and far side by the orbiting X-ray 
spectrometer. Whitaker showed that many otherwise-unexplained terra and 
mare features in a large area fit three rings 1700, 2400, and 3200 km in 
diameter centered at 23* N., 15* W. The basin center lies within the much 
younger Imbrlum basin. Its outer, 3200-km, ring encompases all major near- 
side maria except Crislum, Fecunditatis, and Nectarls. Orlentale and 
Smythii also lie outside the basin. My studies not only have convinced me 
that the basin as mapped by Whitaker exists, but have shown that it exerts 
fundamental control over lunar near-side petrology, structure, geophysics, 
and stratigraphy. 

Most of Procellarum' s effects stem from its control of the thickness 
of the terra crust (Cadogan, 1981; Whitaker, 1981). The lower the surface, 
the thinner the crust and the higher the underlying mantle. Altimetry data 
show generally lower terra elevations inside than outside the basin, a fact 
that is commonly ascribed to a fundamental nearside-farside difference in 
crustal thickness (Kaula and others, 1974). In detail, the basin undoubt- 
edly has a steplike concentric structure like Orlentale and other well- 
exposed basins, descending in elevation from the exterior terra through two 
concentric. Interring troughs to the central basin. Selsmometry suggests a 
75-km crustal thickness in the Apollo 16 region (Nakamura, 1981), in the 
outer trough. This value is close to estimates of the average crustal 
thickness, which range between 61 and 86 km (Kaula and others, 1974; Bills 
and Ferrari, 1977; BVSP, 1981, p. 671). The most precise seismic data are 
from an area of southern Oceanus Procellarum and suggest a 50-60 km 
thickness for that region (Toks8z and others, 1974; Koyama and Nakamura, 
1979), most of which lies within the inner of the two concentric troughs. 
Hence the 50-60-km figure reflects the crustal thinning under that trough. 

The central basin must overlie a still thinner crust. The mantle may 
have been almost reached by the combined Procellarum and Imbrium Impacts, 
judging from the petrology of one or two small clasts in the Apollo 15 Mon- 
tes Apeninnus collection (Herzberg and Baker, 1980). Even the Imbrlum sam- 
ples are mostly crustal, however, consisting of KREEP-rich breccias (Apollo 
14) and ANT clasts and low-K KREEP matrices (Apollo 15). Therefore Procel- 
larum alone did not pierce the crust, and it was shallower than 61-86 km. 

The shallow <'omblned excavation by two of the largest lunar basins 
supports the hypothesis that basins are much shallower, relative to their 
diameters, than craters (Baldwin, 1963; Head and others, 1975). If the 
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outer ring of a basin is also the boundary of excavation (Wilhelms and 
others, 1977), the depth/diameter ratio of Procellarum was less than 1/37 
(86/3200) and probably closer to 1/64 (50/3200). The crust was excavated 
more by lateral stripping than by the deep, hemispherical scooping observed 
in simple craters. Because of their shallowness, enormous basins may form 
without destroying a planet. 

The terra surface materials of the three concentric depressions and 
the exterior terrain differ in c imposition. The X-ray spectrometers show 
that the Apollo 16 region and the far side are the most aluminous terra 
(Adler and others, 1973). The Apollo 15 and 17 tracts, composed mostly of 
younger basin rims formed closer to the Procellarum center, are more mag- 
nesian. The innermost Procellarum basin is KREEP-rich, judging by the Fra 
Mauro Formation derived therefrom. Composition and crustal thickness are 
therefore related (Haines and Metzger, 1980). The correlations are consis- 
tent with a layered terra crust in which KREEP-rich materials are the deep- 
est, magnesian ANT intermediate, and aluminous ANT highest. The steplike 
structure of Procellarum has exposed successively deeper layers inward 
toward its center, and the whole basin has stripped off aluminous material 
and added it to the surrounding terra (Cadogan, 1974). Thus the differ- 
ences in crustal thickness and composition that are usually attributed to a 
nearside-farside dichotomy (Kaula and others, 1974) are partly or entirely 
effects of the Procellarum impact. 

The terra configuration created by Procellarum and superposed basins 
set the stage for later mare volcanism. The mantle and therefore the 
source of the basalts was uplifted beneath each bap^ ^ to compensate for the 
removed crust. The crustal thinning and the mantle uplifts were additive 
where the basins were superposed. The most massive maria are Imbrium and 
Serenitatls, which are superposed on central Procellarum, whereas the least 
massive maria relative to the size of their containing basins are outside 
procellarum. Mare ages and compositions also correlate with Procellarum. 
For example, the massive, Imbrian-age fillings of Imbrium and Serenitatls 
are low in Tl. Imbrian hlgh-Ti basalts were extruded in western Tranquill- 
Itatls, in the inner Procellarum trough. Eratosthenian and Copernican 
hlgh-Ti magmas were extruded directly into the western extension of the 
same trough and from the central basin into the margin of Mare Imbrium. 
Lunar volcanism endured the longest in this Procellarum- Imbrium region of 
thin crust. The thin, aluminous basalts of Smythil and Fecunditatls 
(Hubbard, 1979) were extruded onto the thick crustr outside Procellarum. 
Within an age group, zones of mare composition as indicated by the teles- 
copic and orbital geochemical dita are concentric ^ith Procellarum and cut 
across the younger superposed basins. The basins that are the immediate 
hosts of the maria only modulate the pattern established by Procellarum. 

Lithospheric thicknesses resulting from the steplike Procellarum 
excavation determined the degree and style of tectonic deformation. The 
terra crust generally is assumed to deform elastically, and was probably 
equivalent to the elastic lithosphere during most mare volcanism and 
tectonlsm. Subsidence of mare basalts to achieve isostatic compensation 
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opened arcuate grabens by stretching the lithosphere, and was aided by weak 
lithospheres and Inhibited by strong lithospheres (Solomon and Head, 

1980). Therefore most arcuate grabens formed Inside Procellarum. The thin 
lithosphere permitted more complete Isostatlc compensation than did the 
thick lithospheres under auch maria as Orlentale, Nectarls, Smythll, and 
the far-side maria. Because subsidence of those maria was hindered, they 
display large mascons despite their relatively small masses of basalt 
(Solomon and Head, 1980). Most craters with highly uplifted floors are 
also In or near the basin. 

Most mare ridges are concentric with Procellarum (Whitaker, 1981). 

Even such details as the gravity structure of southwestern Procellarum 
(Scott, 1974) correlate with Its ring structure: positive anomalies with 
the thickest basalts, parallel negative anomalies with the raised rings 
underlying thin basalts (compare Scott, 1974, fig. 2). 

In summary, so many aspects of lunar geology and geophysics correlate 
with position relative to a 3200-km, three-ringed Procellarum Impact basin 
that Its existence seems firmly established. First-order planetary struc- 
tures may therefore be of Impact origin. One might examine the hemispher- 
ical dichotomy of Mars for similar clues to basin origin. A basin three 
times larger than Procellarum may have stripped several tens of kilometers 
of crustal material from half of Mars, resulting ultimately In the 
different geologic styles of the two martian hemispheres. 
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THE EXCAVATION OF LUNAR MULTI-RING BASINS 


Paul D. Spudls» Dept* of Geology, Arlz. ^tate Unlv* , Tempe AZ 85287 and 
U. S» Geological Survey^ 2255 N* Gemini Dr* , Flagstaff AZ 86001* 

Introduction The formation of multi-ring bas Ins is the most important 
process in the early geologic history of the Moon* Exhaustive study of 
these enigmatic features has produced no clear consensus on their original 
size and depth of excavation (e*g*, compare 1,2)* One problem in the 
approach of many basin studies is their focus on only one aspect of basin 
geology (photogeology, sample studies, etc*). This effort utilizes 
information from photogeologic, lunar sample, geophysical and remote 
sensing data to addiess the problem of the original basin cavity diameter 
and effective depth of excavation* This study extends results for the 
Orientale basin (3) to the lunar basins Nectarls, Crisium, Serenitatis and 
Imbrium (4). 

Geology and Ejecta of Lunar Basins* This section briefly summarizes the 
coD^ositlons of ejecta from five lunar basins' and some constraints on the 
size of the original basin cavity. Detailed geologic rationale for these 
constraints may be found in (4). 

Orientale * The Orientale basin (930 km diameter) formed in a thick (T-90- 
100 km; 5) highland crust and contains several pre-basin structures (6,7) 
that suggest the boundary of the original basin cavity probably occurs 
within the outer Rook ring of that basin (500-600 km diameter cavity)* 
Mixing models of orbital geochemical data for Orientale ejecta (S) suggest 
this material is composed of a 2:1 mixture of anorthosite and anorthositic 
gabbro* These results suggest Orientale effectively excavated to depths 
nc greater than about half the thickness of the crustal target (about 50 
km; 3); if the original cavity size was greater than this estimate, e 
significantly higher mafic content in the basin ejecta would be seen* 
Nectaris> The Nectaris basin (860 km diameter) formed within a typical 
nearside highlands crust (average T»70 km; 5). The northern and western 
ejecta are covered by Apollo 16 orbital data and the Apollo 16 site lies 
200 km NW of the outer Nectaris ring* Nectaris is too degraded to 
recognize any pre-basin structures within the outer ring but results for 
Orientale suggest the original cavity was within the outer ring and was 
about 500-600 km in diameter. Mixing model results for Nectaris ejecta 
(9,10) indicate a 3:1 mixture of anorthositic gabbro and low-K Fra Mauro 
basalt* This suggests excavation to middle crustal levels, about 50 km in 
this region of the Moon* 

Crisium * The Crisium basin (635 km diameter) impact occurred into a 
highlands target (average T*60 km; 5), geochemically similar to the 
Nectaris basin target* An unusual basin modification style, involving 
long-term endogenic modification with concurrent mare flooding in ring 
troughs (4)^ precludes identification of pre-basin structures* Orbital 
geochemical coverage of the southern ejecta blanket indicates Crisium 
ejecta consists of anorthositic gabbro and low-K Fra Mauro basalt (10) in 
about the same proportions as in Nectaris ejecta (3:1)* This suggests 
Crisium basin excavation to crustal stratigraphic levels comparable to 
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Nectarls. Due to the thinner crust in this region (5), Crlsiura probably 
sampled depths up to 33 to 43 km* 

Serenltatls . The Serenitatis basin (880 ka diameter) Impact occurred 
within an average thickness crust (60 km; 5) that was geochemically 
distinct from both Crisium and Nectaris basin targets (4,9)* Extensive 
mare flooding and morphologic degradation by the Imbrium Impact prohibit 
the identification of pre-basin topograohy. Mixing model studios the 
Taurus-Littrow highlands (9) suggest Serenitatis ejecta consists ot 
greater than 90 percent norite with minor amounts of KREEP, mare basalt 
and anorthosite. This ejecta composition suggests Serenitatis may have 
excavated nearly the entire crustal column in this region of the Moon, as 
dec’P as 50 to 60 km, consistent with the results from other basins in this 
study (cf* Nectaris, similar in size to Serenitatis). 

Imbrium * Imbrium (1200 km diameter) is one of the most complex lunar 
multi-ring basins. Gravity data (5) suggest a relatively thin crust for 
the pre-basin target region (average T“50 km) that consi? cd of complex 
mare and KREEP volcanic lavas overlying a predominantly nor^ tic hignlands 
crust (4). Numerous pre-Imbrian basins intersect the Imbrium outer ring 
and in particular, the preservation of an inner basin topographic high 
near the Apennine Bench (11,12) may have resulted from the Imbrium basin 
outer ring intersection with the ancient Insularum basin (13). This 
suggests the original Imbrium cavity may have been ab^ut 600-800 km in 
diameter (4). Mixing model studies of Imbrium ejecta Ir .cate suliequal 
amounts of low-K Fra Mauro basalt, KKEEP and mare basalts with minor 
amounts of anorthositic gabbro (14). A new geochemical map of the 
Apennine mountains displays a large component of norite within the Imbrium 
ejecta (15). These results suggest Imbrium excavated at least the entire 
crustal thickness in this region and possibly some quantity of lunar 
mantle materials (4). 

Discussion . The five basins described here represent a spectrum of basin 
sizes, ages and morphologies. Where the original cavity diameter can be 
constrained by preservation of pre-basin topography (Orientale, Imbrium), 
the original cavity is found to be significantly smaller than the present 
basin topographic rim* The Inferred depths of basin excavation based on 
ejecta composition and regional crustal thickness are typically loss tnan 
the local crustal thickness and are on the order of one-tenth the diameter 
of the inferred basin original cavity. This relationship for lunar basin 
excavation cavities has been suggested previously from an entirely 
different line of reasoning (16). An attempt was made to compute rhe 
total volume of material excavated by these impacts. This was done by 
assuming a hemispherical cavity shape with a penetration depth of one- 
tenth the inferred diameter excavating a spherical Moon (3,4). Results 
for Orientale range from 4.9 to 9.3 x 10^ km'^ of ejecta, a result in good 
agreement with previous estimates from gravity (17) and photogeologic data 
(18). Analysis of this geometric figure of excavation fuither indicates 
that for Orientale, 90 percent of the basin ejecta Is derived from depths 
shallower than about 30 to 40 km (3), in good agreement with the highly 
anorthositic composition of Orientale ejecta (8), In the case of Imbrium 
(the largest basin studied), this analysis Indicates as much as 16 percent 
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of the total ejecta volume may be derived from sub-crustal regions. This 
material may be now largely buried by the mare flows that fill the basin, 
but detailed study of the orbital geochemical data indicate the presence 
of minor amounts of ultramafic material within the Apennines (19). 

Conclusions . Lunar multi-ring basins form by the topographic modification 
of initially smaller, shallow transient cavities. Tlie results of this 
study suggest an initial excavation cavity with a diameter approximately 
0.6-0. 7 times the present basin topographic rim diameter. The geochemical 
data suggest e depth about 0.1 times the diameter of this excavation 
cavity. These results support hypotheses that basin outer rings form by 
gravity slumpng around an initially smaller transient crater (e.g. , 20- 

22). Basic inner rings may result from stratigraphic uplift (23,24) along 
with minor oscillatory movement (23,25). This excavation model is 
consistent with a wide variety of studies of Apollo lunar highland samples 
that inclcate a paucity of material derived from the lunar mantle 
(e.g., 26) within the lunar highlands. 
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CRATER PEAKS TO BASIN RINGS: THE TRAi«ITION ON MERCURY AND OTHER BODIES 
Richard J. Pikej U.S. Geolcglcal Survey, Menlo Park, CA 94025 

Analysis of the morphologic contrasts between large Impact craters 
and small basins nay contribute to a better understanding of both 
features* Recent efforts have focused on a possible link between central 
peaks In craters and interior rings in basins [1-8]. In connection with 
new work on the craters of Mercury, I have reexamined the dimensions of 
peaks and rings on six planets and satellites. Emphasis was on (1) 
central-peak basins, small transitional basins that have both a central 
peak and an Inner (”central-peak** or **peak”) ring, and (2) the planet 
Mercury, which has more (12) central-peak basins than the other bodies. 
The peak ring also is defined as the Inner one in two-ring basins; it is 
designated ’’ring II’* in multiring basins, where the main ring Is ranked as 
IV and the Intermediate ring as III [9,10]. All measurements of mercurian 
basins are new [11,12]; the data for basins elsewhere are either new or 
were compiled from published sources [e.g., 4]. Basal diameters for 

central peaks were obtained from work by the Brown ^’nlversity group [e.g., 
6]* Analysis of peak-and-ring geometry suggests a.i interpretation of the 
crater-to-basln transition, as exemplified here by Mercury (Pig. 1), 
wherein the morphologic contrasts may not indicate a major discontinuity. 

A similar pair of correlations, between central-peak and crater size 
and between peak-ring and basin size, is observed on the Earth, the Moon, 
Mercury, Mars, Ganymede, and Callisto. Both resulting linear log-log 
least-squares fits exclude central^peak basins, which have a different 
geometry (Fig. 1). Peak rings are fully half the size of their main basin 
rings, whereas central peaks are barely a quarter the size of their host 
craters; the respective logarithmic curves do not intersect on the graph 
[cf. 5-8). ^^^10 ^^sal diameter of central peaks (D^ ) increases 

monotonically with logj^Q rim diameter of the crater (D^). Intercepts of 
least-squares fits at a crater diameter of 50 km range from 10 to 13 km. 
Logj^o diameter ot the peak ring (0 or also increases monotonically 

";yltn diameter of the main, or topographic, rin3 (D^ or 

Intercepts of least-squares fits at a basin size of 200 km range from 100 
to 110 km. The peak-rlng/main-r. ng curve parallelt. other log-log 
monotonlc relations between the main and remaining basin rings [9,10]. 
The 2:1 relation between main- and peak-ring diameter for double-ring 
basins Is identical to that for multiring basins [cf. 2j. 

Overlap of the ^II^^IV marks the transition from 

craters to basins on *eacn body. The diameter range bracketing the 
smallest peak ring and the largest central peak generally Includes most 
central-peak basins. The ranges of diameter overlap are approximate; that 
for the Earth may be about 15 to 25 km, for the Moon 140 to 200 km [cf. 
8], for Mercury 75 to 150 km, for Mars 45 to ' for Ganymede possibly 

70 to 120 km, and for Callisto perhaps 80 to 100 km. Some of these 
threshold diameters may correlate inversely with surface gravity [13]. 

The geometry of central-peak basins differs from that of complex 
craters and other basins in two key respects. First, the relation between 
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km 

FIGURE 1. A new model for the crater-to-basin transition, exemplified by 
details for Mercury, showing how peak rings replace central peaks as the 
size of impact increases. Both peaks and rings follow essentially linear 
monotonic relations except in central-peak basins, where both (either) 
peak rings and (or) central peaks systematically diminish in size. 

Vertical lines connecting the ring and peak of each basin emphasize this 
complementary relation: either the ring is large and the peak small, or 
vice versa. The least-squares fit to peak rings (solid line, n»34, 
central-peak basins excluded) is » 0.460D,y^ the fit to central- 
peak data compiled from f6. Fig. 2] (dashed line, n*140) is estimated 
(only) at The four tentative intermediate rings [4], 

which are larger than peak rings by a factor of about ^JT (9, 10], parallel 
the first two trends. 
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size of the peak ring and size of the accompanying central peak Is 
complementary. Second, either one or both features are smaller than they 
would be had they appeared alone in a crater or basin of that diameter. 
This correlation is especially evident on Mercury (Fig. 1) and Mars 
(n«ll). In at least 7 of the 12 central-peak basins on Mercury, the peaks 
are substantially smaller in basal diameter than the data show cO 
be typical of complex craters; similarly, 10 of these basins have smaller 
peak rings than the data show to be typical of two-ring and 
multiring basins. In none of the 12 basins do both peak-ring and central- 
peak diameters attain the larger ''normal** values that are found in craters 
and basins outside the tranbition rone. Similar, if less clearly defined, 
complementary relations occur on the Moon (n*2) and the Earth (n*2); 
Ganymede and Callisto may have no central-peak basins. 

Three features of these data suggest that the crater-to-basin 
transition, wherein rings replace peaks as central features, may be a less 
drastic physical discontinuity than was previously thought. (1) Central- 
peak basins are much more conmon on Mercury and Mars than on the Moon, 
where breaks in the size-morphology array of impact craters were first 
defined. This wider occurrence of transitional basins suggests that the 
crater-to-basin change is less abrupt than once implied by the lunar 
case. (2) Magnitude of the 'central disturbance, as reflected by size of 
peaks or rings, increases monotonlcally with size of the host crater or 
basin. The parallel D /D^ and Djj/Djy plots suggest that **normal" full- 
sized central peaks ana peak rings both form at a level of energy that 
increases monotonlcally with the magnitude of impact. (3) The relation 
between peak and inner-ring size in central-peak basins is 
complementary . At some physical threshold , rings replace peaks as the 
more efficient structural expression for this fraction of cratering 
energy. However, qualitative change in the form of the central uplift 
does not necessarily indicate a change in the energy fraction Itself: 
where both a peak and a peak ring form in the same small basin, one or 
both features are smaller than normal. Thus the energy available for the 
central disturbance probably is shared between the peak and the ring 
rather than Increased to accommodate both features. 
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GEOMORPHOLOGY OF CRATERS ON MERCURY; FIRST RESULTS FROM A NEW SAMPLE 
“Uchard J, Pike and Gary D. Clow, U. S. Geological Survey, Menlo Park, CA 
94023 


Currently we are reexamining in detail the morphology of fresh Impact 
era v^rs on Mercury . One objective is to explain the deviation of 
raercurian craters from the postulated linear relation between surface 
gravity, g, and mean diameter, D^, that marks the transition from a simple 
to a complex morphology [!)• Another objective is to obtain improved 
depth /diameter (d/D) values that correlate with the other morphologic 
features ot each crater (Fig. 1). Preliminary results from Mariner 10 
images suggest that the s imple-tO’^complex threshold reached c* 

sraailei crater size than indicated by earlier studies [ 2-6 ) . Just how 
ruch the revised value for craters on Mercury will differ from the 
earlier 16-km value [1] must await completion of our d/D work now in 
progress and, to a lesser extent, expansion of the sample cO the planned 
200 craters. The data gathered thus far, from 95 craters between 2 km and 
130 km across (Fig. 1), indicate that is no greater than 12 kra. Our 
Initial attempt at a d/D curve (not shown) from this sample suggests that 
the intersection of least-squares fits to distributions of simple and 
complex craters lies below this crater size, between 6-km and 8-km 

diameter — a result commensurate with the now-diminished value of D^ , 

Figure 1 illustrates the morphologic transition for the 95-crater 
sample. The largest simple, deep and bowl-shaped, craters on Merc iry are 
no more than 13 km in diameter , whereas the smallest craters in which 
unambiguous complex-crater characteristics (central peaks, flat and 
shallow floors, scalloped rims, slump blocks, and wall terraces) can be 
Identified are no less than 11 km across. Craters with a morphology that 
is transitional between those of simple and complex craters range in 

diameter from 7 kra to 16 kra. Three aspects of Figure 1 warrant 

emphasis . (1 ) The onset of wall terracing occurs at a much larger crater 

size (21 kra diara.) than does onset of the other five morphologic features 
(11-12 km diara,)* The peaks-bef ore-terraces order on Mercury is 
consistent with that observed on other planets (1*6] and may figure 

prominently In a genetic interpretation of the transition [1]. (2) 

Craters with a transitional morphology, resembling that of such lunar 
craters as Dawes and Bessel, neatly bracket the simple-to-coraplex diameter 
threshold. Our provisional d/D data (not shown) indicate that such 

craters are systematically shallower than simple craters; this 

correlation already is evident for craters on the Moon (1; Fig. 9]. (3) 

Neither central peaks nor wall terraces have been identified in the nine 
transitional craters studied on Mercury. It may be, however, given 

evidence from high-resolutlon lunar pictures, that nascent, low-relief 
central peaks lie burled beneath the slump deposits. 
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FIGURE 1. Otameter/morphoiogy arrays for eight Interior characteristics 
of mercurlan Impact cratars* Dept 'diameter (d/D) results are 
provisional, but radical changes are not expected. Symbols denote 
unambiguous identifications of morpholc^ic features on Mariner 10 Images 
for 95 fresh craters: dots, observations on either simple (n*35) or 
complex (n-5l) craters; crosses, observations on craters (n»9) that have a 
distinctively transitional morphology. Compare with data for Mars [1, 
Fig, 7], 


Our provisional data on crater diameter and especially crater Cepth, 
which were obtained from measurements of shadow lengths, are rather crude 
because the Mariner 10 Supplementary Experimental Dat,i Record (SEDR) (7) 
contains inaccuracies. Severity of the resulting errors in crater 
diameter and depth varies considerably, depending mostly on surface 
latitude and the distance of a given crater from the subspacecraft 
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point. The 1; 15,000,000-scale map of Mercury [8], which used the latest 
mercurian control net , furnishes the most accurate positions for surface 
features on the planet. We combine values of latitude and longitude from 
this map with data on spacecraft altitude and the position of the Sun 
(from the SEDR but independent of position on the planet and thus not 
subject to errors in the calculated parameters) and input them to an 
algorithm that recomputes view angle, sun angle, phase angle, and image 
scale for each set of points required to generate a crater diameter and a 
shadow length. This algorithm, which curren‘*i y Is being encoded, enables 
any crater for which a shadow length can be measured to be used for d/D 
analysis, no matter how strongly foreshortened Its Image on Mariner-10 
pictures. Besides greatly improving che quality of d/D analysis for 

Mercury, this added flexibility expands the sample of fresh-looking 
craters that can be Included In morphologic investigations on any planet. 

Although the results thus far are preliminary, our data suggest that 
the transition from simple to complex craters on Mercury occurs at a 
smaller diameter than indicated by earlier data. However, the 7 km to 
12-km-d lame ter range within which the revised transition probably lies 
will not necessarily Include the 8 km value of that would be 

consistent with an inverse functional relation with g or silicate bodies 
(the g:D relation for nonslllcate bodies differs [9] ) . Thus the 

anomalously high value for Mercury probably is real, if not so large as 
previously thought. We do not expect the revised value for craters on 
Mercury to be so low as the 6-km value obtained for craters on Mars [1], a 
difference almost surely ascrlbable to the diverse physical properties of 
the targets . The provisional new value for on Mercury remains 

consistent with the possible fourth-power scaling recently proposed for 
the g;D^ relation [10]. Finally, detailed analysis of mercurian craters 
characterized by a transitional morphology may further elucidate the 
slmple-to-complex problem. 
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A NEW TIME-SAVING CRATER-COUNT TECHNIQUE, WITH APPLICATION TO NARROW 
FEATURES 

Kenneth L. Tanaka, U,S. Geological Survey, Flagstaff, AZ 86001 


Standard crater-counting techniques on planetary surfaces (1) have 
been vital for stratigraphic correlations of geologic and geomorphic 
units. They have, however, required tedious, time-consuming, and eye- 
straining effort, and the results have been limited to the average 
crater density of a given area. A new technique (originally 
conceptualized by Laurence Soderblom) nas been devised that reduces the 
number of small -diameter craters to be counted. The same method can be 
employed separately to obtain crater counts for superimposed or 
protruding geologic features such as faults, scarps, ridges, crater 
rims, and channels. 

The new technique is based on the observation that a linear (or 
curvilinear) feature(s) of limited or insignificant area has a density 
of superimposed impact craters that depends on the area defined by the 
crater diameters. Thus, an areal crater density can be calculated on 
the basis of the sum of the areas of these linear features, including a 
surrounding area that depends on the average crater size selected ^or 
counting. Because the extent of crater-ejecta blankets may vary 
considerably for a given crater diameter, only craters whose rims 
overlap the linear features are counted. For a given linear feature, A|^ 
is defined as the area contained by the envelope circumscribing one 
crater radius R outward from the outer edge of the feature (see Figure 
1). Expressed in equation form, 

A,^ = LW + 2RL + 2RW + irR^ (1) 


where L is the length and W the width of the linear feature. 

Crater densities may be calculated by summing individually 
determined counts from largest to smallest crater diameters. Usually, 
however, crater diameters are binned within size limits. If the 
individual diameters are measured, their arithmetic mean [the geometric 
mean, used by (1), is incorrect] can be used as an average diameter. 
Otherwise, a weighted mean diameter can be calculated on the basis of 
the observation that most cumulative crater counts are proportional to 
0"^, where 0 is the crater diameter; i.e., = (const. )D"'^. The 

average diameter D of 0^ and Oj^ (Djj > 0^), weighted by the crater- 
density function, is 


D = 




3 - Pa'') 


( 2 ) 


The cumulative count is the sum of the individual counts, starting 
with the largest bin size. If the largest bin size, bin 1, contains n^ 
craters, the next largest bin size, bin 2, r \2 craters, and so forth. 
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then 


k 

I 

j = l 




(3) 


where Aj is the area that corresponds to the average crater diameter of 
the jth'^bin. Finally, letting 

k 

N = I n. (4) 

j = l 

be the number of cumulative craters in the kth and larger diameter bins, 
the one-a confidence internal is 

Crater densities for densely cratered terrain or large areas, or 
both, can be determined quickly by overlaying the area witn a template 
of line segments and counting the craters that intersect the lines. So 
as not to count large craters repeatedly, the spacing between line 
segments should be greater than the largest diameter crater being 
counted. If these lines are given width, it will cause more smaller 
craters to be counted. When linear geologic features are being counted, 
each feature must be measured for length and width. For curvilinear 
objects, such as crater rims, equation (1) can be modified to more 
accurately determine the crater-count areas. 

The crater line-count method presented above is currently being 
used in conjunction with 1:15M scale mapping and global stratigraphic 
studies of Mars, employing the 1:2M photomosaic subquads for the 
counts. Preliminary results in the Lunae Planum region (MC 18 SW) 
c'^nfinn the usefulness of this technique. Figure 2 compares the crater- 
density curves of a standard area count, an area line count, and a count 
of the mare ridges. The area line count used a template of line 
segments 1 by 90 nm (corresponding to 2 by 180 km) at 10 mm (20 km) 
intervals. As an expediency, only the central or crestal 0.5 mm (1 km) 
of the mare ridges were examined to better control the counts of small - 
diameter craters. Table 1 shows that the compromise of greater error 
for counting fewer small er-diameter craters is not overly serious. An 
unexpected result is the older crater age of the mare ridges. 
Compatibility of the area line counts with those obtained for Syria 
Planum lava flows [unit sp^ (2) of MC 17 SE] indicates that the mare 
ridges are protruding remnants of an older surface that has been embayed 
by younger lavas. Locally, this relation is observable (e.g., at lat 
20 S. , long 80 W.). The older surface is correlative with subdivided 
ridged plateau materials (3). 
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Figure 1. Diagram showing area. An, enclosed by dashed 
line one crater radius, R, away from linear feature of 
length L and width W. 
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THICKNESS AND DISTRIBUTION OF VOLCANIC MATERIALS ON MARS: 

A PROGRESS REPORT 

R. A. De Hon, Department of Geosciences, Northeast 
Louisiana University, Monroe, La. 71209, 

Unlike the moon, martian volcanic materials exhibit a 
wide range of ages, widespread distribution, and multi- 
plicity of surficial characteristics (1, 2). Martian 
volcanic materials range from positive constructional 
features to lowlying plains. A minimum volume of material 
may be derived from the topography of the volcanic con- 
structional features. The thickness of some plalns- 
forming materials may be estimated by the extend these 
materials bury pre-existing craters. On Mars, with an 
active erosional regimen, the relationship between crater 
diameter and rim height is less precise than that of the 
moon (3, 4), but a general trend is assumed to be 
preserved if burial is sufficiently rapid. 

The current status of martian thickness studies and some 
generalized trends in distribution of volcanic materials 
are reporter here (Table 1) . Photomosaic base maps of 
Mars are incomplete ; hence, the thickness 

studies are incomplete. Isopach maps of volcanic plains 
materials require more detailed control of unit contacts 
than are available at this time. 

Approximately 600 thickness estimates over 35% of the 
martian surface are incorporated in the data base. The 
data distribution is random to clustered depending upon 
the presence of suitable materials, the age of the sub- 
jacent surface, and the thickness of surficial materials. 
The average thickness of the data is approximately 800 m 
+ 300 m. Many regions of materials in excess of 2 km 
thickness are not included in the data; hence, the bulk 
of the data tends to be weighted in terms of southern 
highland intercrater materials. 

Major volcanic centers iominated by positive construc- 
tional forms (such as the Tharsis and Elysium regions) 
are beyond the capabilities of thickness measurements 
based on buried craters. The volume of materials within 
the constructs may be estimated from surface geometry, 
but thick deposits adjacent and subjacent to these 
centers have unknown subsurface configurations. Only 
minimum values may be estimated from surface configura- 
tions and from the assumption that thicknesses exceed 
1. 5-2.0 km. Volcanic materials exceed a thickness of 
1 . 5 km throughout most of the Tharsis Province, Elysium 
Planum, and Syrcis Major Planum. Measurements less than 
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TABLE I 

CURRENT STATUS AMD RESULTS OF THICKNESS STUDIES 


PROVINCE 

SECTION THICKNESS RANGE NATURE OF MATERIAL AND OBSERVATION 


THARSIS 


Olympus 

0.5-0.7D km 

Surflclal flow materials and aureole 
of volcanic construct. Total 
thickness unmeasured. 

Alba 

0. 5-1.0 km 

Low \ tera and flanking materials. 
Cen.ral mass not measured. 

Tharsis 

Montes 

0.5-l.C km 

Lobate surflclal flows. 

Sv^la-Slnal 

0.25' 0.75 km 

Surflclal flows similar to Tharsis. 

Lunae 

0.0-1. 5 km 

Ridged plalns-formlng materials. 
Measurements arc total thickness 
of exposed materials. 

NORTHERN LOVLAMDS 



Chryse 

0.25-1.0 km 

Ridged materials in basin. Deepest 
portion unmeasured. 

Amazonia 

Arcadia 

AclOalit 

Utopia 

Isldls 

Incomplete Data 

Scattered measurements with insuf- 
ficient data distribution to 
determine trends. 

Elysium 

>1. 5-2.0 km 

Volcanic flows associated with 
Elysium and Hecates Mons . 

SOUTHERN HIGHLANDS 



WESTERN ^UBPROV. 



Western 

Hlgnlands 

0,0-1.25 km 

Discontinuous ridged plalns- 
formlng materials In topo^ 
graphic lows. Similar to 
Lunae Planum materials but 
more cratered. 

CENTRAL SUBPROV. 



Central 

Highlands 

0.0- 1.25 km 

Same as Western Highlands. 

Argyre 

No Data 

Basin fill. 

Syrtls Major 

>1. 5-2.0 Km 

Low oatera with In basin. Thin 
edges and thick center. 

Australe 

0.5- 1.0 km 
Incomplete Data 

Plateau volcanics with patera. 
Extensive distribution on SW 
flank of Hellas Basin. 

Eastern 

HleNlanJs 

No Data 

Same as Western and Central High- 
lands 

Hesperia 

No Data 

Patera complex with widespread 
flanking ridged plains material. 
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1 km are found only along the outer edges of the exten- 
sive volcanic piles (3, 4) and on surficial mantling 
flows (4, 5) . 

In the highland province, probable volcanic materials 
exist as low patera, basin fill, and plains-forming 
materials flooding low lying terrain. Contacts with the 
more highly cratered materials range from sharp to grada- 
tional depending upon the nature of the topographic low 
into which the meterials are emplaced. Partially buried 
craters allow reasonable estimates of thickness, but the 
absence of adequate contact relationships and complete 
map coverage do not allow volume estimates. Current data 
suggests that the thickness of volcanic materials aver- 
ages less than 1 km throughout the cratered highlands 
vd.th local thicknesses in excess of 1.5-2 km in major 
basins only (Table I) . 
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MAIMMNC VOLCANIC KKaTURKS ON MARS 

Moore, H, J,, lUS* CoologicMt Survey, Menlo Park, CA *>402*) 

Photogeologlo analynlN ami planetwlde mapping of martian volcanic 
featuroH ahown In V<kln,< plcturea yield the following: (A) Identification of 
volcanic centera with amall edifices |l, 2); (H) Identification of lava 
^ow^: on or near Tyrrhena, Hlblta, Ulyaaes, and Uranlua Paterae, the 
northern plains, and the Mareot ia-Tempe uplands; (C) v *^nf Irmat Ion of the 
existence of pnraalric shields and flank eruptions from Arsia, P;vonis, and 
Ascraens Montes [!l, A]; (U) an indication of the distribution of lava flows 
related to the various montes and other volcanic centers; (E) contlrmatlon 
of the general concordance between pr.^sent-day topography and the paleo- 
slopes inferred from some lava flows (S); (F) identification of locations. 
Including Tharsis, where there are discordances between present-day 
topography and the paleoslopes Inferred from some lava flows; (C) general 
agreement with other wt>rkers on the relative ages oi most volcanoes and 
volcanic centers (bj; (H) concurrence that the elevations .iiui heights 
attained by the large volcanoes tend to increase over time but that erup- 
tions at low elevations persisted throughout the same interval (7); and (1) 
tdeiU 1 1 icat ion of previously unrecognljied channel deposits* These results 
have been compl led on maps at 1 : 2*> ,000,000 scale. 

l)e t a lied ma p p 1 ng o f t he E I y s I urn Mon s re g 1 o n suggests that ct n s I d era b I e 
volumes ol water were released during volcanism. Evidence for these large 
volumes ot water Includes: channels with streamlloed islands that arise from 
tl)e ’arge “cohrahead** rllles near the otiter edges of the Elysium volcanic 
deposits, a tvpe of chaotic terrain that has formed In the vt^lcautc deposits 
and subjacent units, and isolated features to the north that resemble mbherg 
111 I Is (8, and hyaloclanllto ridges |10). Intersection of some rllles and 
cluios wltl) Elvsium volcanic deposits, and superposition of Elysium deposits 
on other rllles prove that volcanism and release of water were contempor- 
aneous. The mftberg-llke hills suggest that some. If not all, of the water 
originated from near-surface geologic units, but a primary origin for some 
of the water cannot fs' excluded. 
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GEOLOGIC MAP OF OLYMPUS MONS 

E. C. Morris, U.S. Geological Survey, Flagstaff, AZ 86001 

Detailed geologic mapping, based on high resolution Viking orbiter 
photography, has delineated stratigraphic and structural elements of the 
huge shield volcano, Olympus Mons (Fig. 1). Its flanks are covered by 
thin, low-viscosity lava flows, and on the northeast and southwest sides 
of the structure, young flows have partly buried the escarpment that 
surrounds the volcano and have streamed out onto the basal plains to a 
distance of alt.iost 200 km (1). Ages of the flows are determined by 
stratigraphic relations and morphologi'* characteristics. Flows on the 
lower and upper flanks differ distinct y in character and in age of 
emplacement. Flows on the lower flanks are typically long, and narrow 
and have levees; they are several hundred meters to a kilometer wide and 
10-100 km long (1). These flows are the youngest features of the 
volcano, and they appear fresh and pristine compared to the older flows 
on the upper flanks and summit. The most recent of the young flows have 
distinct lobate terminations and sharp boundaries (Fig. 2), and are 
found mostly on the south and north flanks. Flows on the upper flanks 
and near the summit have rough, hummocky surfaces and are indistinct; 
some are stubby and a few others are broad and sheetlike. 

Olympus Mons probably grew over a long period of time with many 
eruptive episodes (2). Lava flows are numerous and extensive; their 
boundaries are intermeshed and generally indistinguishable. Only the 
young postscarp flows are mappable as distinct flow units. Consequently 
only prescarp eruptions and two major postscarp eruptive sequences have 
been delineated on the flanks of Olympus Mons (Fig. 1). 

The basal material upon which Olympus Mons was built is exposed in 
the north, northwest, west, and southeast segments of the complex scarp 
that surrounds the volcano. Blocks of this material are found along the 
rim of the scarp dipping toward the center of the volcano. The surfaces 
of some of these blocks, where exposed, show channels and grabens 
similar to those on the fractured plains material east of Olympus 
Mons. However, a few exposures of scarp material in the west segment 
have a corrugated or ridged surface suggestive of the surface of some 
aureole material (Fig. 3). 

Landslides and slump blocks are prevalent along the western 
scarp. Two sections of the scarp, one almost 100 km wide, have 
collapsed and flowed onto the adjacent plain. The eastern segments of 
the scarp do not have landslide and slump features which may indicate a 
difference in the strength of the materials that make up the scarp. 
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Figurr 1. Geologic map of Olympus Mons 
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Figure 2. Young post-scarp lava flows on aiympus Hons. Long narrow 
leeved flows are clearly defined on older indistinct flows. Width 
of picture il8 km (Viking Orbiter 890A6fi). 


Figure 3. Western segment of the basal scarp of Olympus Mon (138.4*’ W. 
long, 19. N. lat). Scarp is formed by a block of material 
dipping inward towards the center of Olympus Mons. The upper 
exposed surface of the block (a) has a number of subdued 
anastomosing ridges similar to the surface of the aureole 
material. Arrows point to dark streaks in talus formed from the 
weathering of the scarp material. Width of picture 18.5 km (Viking 
Orbiter 476526). 
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LAVA FLOW MATERIAL ON THE MOTTLED PLAINS IN MARE ACIDALIUM QUADRANGLE (MC-4), 

j MARS 

I Witbeck, N.E., and J,R, Underwood Jr., Department of Geology, Kansas State 

; University, Manhattan, Kansas 66506 

1 The mottled plains material has been one of the most difficult of the 

i plains units to define and interpret. There are few clues as to the origin 

of this extensive unit. In Mare Acidallum quadrangle only a few high-reso- 
lution strips of images were taken in the mottled plains region by the Vik- 
ing Orbiters. One of these high-resolution strips of images suprisingly 
revealed evidence of relatively recent volcanic activity. This volcanic 
( region is centered at approximately 47*’N, 25“W. 

Lava-flow lobes are a distinctive characteristic of young volcanic 
provinces on Earth and Mars (Carr et al., 1977). Several lava flows have 
' been identified on the mottled plains between latitudes 44“-48“N and longi- 

I tudes 20"-28'’W. Figure 1 shows tl.e best example of the«e lava flows. The 

' source of these flows is uncertain. The flows may have originated from fis- 

sures that were subsequently buried, or from central vents (Fig. 1). 

This volcanic region was mapped in detail and is included as Figure 2. 
Dissected and fractured plateau material (pldf) occurs in the northwest cor- 
ner of the map area. The plateau surface is smooth ana is cut by a number 
of fractures and troughs that commonly trend north-south. Several troughs 
and a large circular depression on the plateau are embayed by low-albedo 
plains materials. The knobby terrain (k) is interpreted as erosional rem- 
nants of the higher plateau surface. The dissected and fractured plateau 
material is interpreted to be an isolated remnant of the cratered plateau 
800 km to the southeast. The fractures that cut the plateau may be tectonic- 
ally related to the recent pulse of volcanic activity. Alternatively, they 
may be the result of more regional stresses. 

The subdued patterned mottled plains material (pmps) surrounds the dis- 
sected and fractured plateau. Patterned or fractured plains are coitmon in 
east-central MC-4. In the map area th" pattern of troughs is observed to 
be more discontinuous than that seen in other areas in east-central MC-4. 

The presence of lava- flow fronts, pressure ridges, and possible volcanic cones 
on the subdued patterned mottled plains suggests that volcanic flovr rock fills 
or partially fills pre-existing troughs. 

Small {^1 km diameter) mound- like domes with or without sunnit craters 
are ubiquitous in this region (Figs. 1,2). Several origins have been suggested 
for these features including: (1) cinder cones (Wood, 1979); (2) pseudocraters 
formed by lava flowing over water-saturated ground (Frey et al., 1979); (3) 
pingos produced by the arching of frozen ground forced up by the intrusion of 
water (Wood, 1979); or (4) small impact craters that were eroded to inverted 
relief (Masursky and Craabill, 1976). The associate i of these domes with 
volcanic plains tends to support the interpretation these features as vol- 
canic. 

The discovery ■ ' recent volcanic features in ti s region is important 
because it lends support to the theory that volcanic .laterial has resurfaced 
parts of the mottled plains. 
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Figure 1. 


A lava flow on the mottled plains in southern Acidalia Planitia. 

The flow in the center of the image is approximately 48 x 25 km. 

The arrows indicate small domal structures that resemble pedestal 
craters but may in fact be small volcanoes. Small (< 1 km diameter) 
cratered domes occur at the bottom of the image. Viking frame 
35 A 32 (45.4°N, 28. 4°W ); north is to the top of the image. 
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SURFACE TOPOGRAPHY AND EMPLACEMENT MECHANISM OF PYROCLASTIC FLOWS. MI. ST. 
HELENS: IMPLICATIONS FOR INTERPRETATION OF MARTIAN VOLCANIC TERRAINS 

C.A. Neal and S. Self, Department of Geology. Arizona State University, Tempe, 
Arizona 85287 


Six eruptions of Mt. St. Helens during 1980 produced pyroclastic flows. 
This sequence of deposits, estimated to be equivalent to 0.12 km-^ of dense 
dacite (1), formed a broad fan extending 8 km N of the mountain. At present, 
erosion is proceeding very rapidly. As of August 1982, less than 20^ of the 
original pyroclastic flow surfaces remained intact and only small patches of 
pristine May 18, June 12, and July 22 deposits could be found. Especially 
erosive were mudflows generated by the explosive eruption of March 19, 1982. 

In the extreme western portion of the fan, a local high of primary May 
18 material surrounded by deeply incised drainages has escaped modification. 
Here, good but limited exposures of primary surfaces will probably remain in- 
tact for several more seasons. In an effort to document these features and 
to develop a model for flow emplacement, field work was carried out in Octo- 
ber 1980, August 1981, and June-August 1982. _ _ 

Deposits of the May 18 eruption are characterized by three distinct 
facies (2) each of which display a different surface morphology. These are: 

1) a near-vent veneer deposit on the steep slopes of the volcano with subtle 
surface dune-like forms (A <60 m); 2) a medial, thick ( <40 m) ponded facies 
which has a gently undulating surface (a si km) and subdues topography, and 
3) a medial to distal coarse pumice flow facies characterized by channels and 
levies, breakouts, meter-high flow fronts, ramp structures and distinctive 
surface pumice concentrations (Figures 1 and 2). These lobate flows were 
erupted late on May 18 and cover the ponded deposit, extending beyong it in 
some areas to 10 km from the vent. Facies 3 flows are almost identical in 
morphology to coarse pumice and ash flows emplaced by the five subsequent 
eruptions during 1980. However, the May 18 flows are larger in volume and 
hence possess greater run-out distances than the post-May 18 flows. 

Comparative studies of surface morphology and internal structures of 
each type of Mt. St. Helens pyroclastic flow supports the interpretation that 
the May 18 flows were more fluidized than those of subsequent eruptions (2,3). 
Large volume facies 1 deposits contain a higher proportion of fines, were of 
lower yield strength and were possibly more inflated during run-out. The 
result was thick, ponded deposits with a generally smooth upper surface. In 
contrast, surface relief up to 10 m characterizes the late May i8 (facies 3) 
flows and those from later eruptions. These possess surface features indic- 
ative of higher yeild strength (2,3), consistent with a lesser degree of _ 
fluidization. Such a trend may be produced by a general decrease in the size 
of erupted magma batch and a decrease in fragmentation of magma. Both may 
reflect the tapping of an increasingly volative-poor magma. 

Similar observations on coarse, lobate (poorly fluidized), young pumice 
and ash flows have been made at Fuego, St. Augustine, and Novarupta volcanoes, 
representing a compositional range from basaltic andesite to rhyolite. 

Results suggest that such flows are a common, late-stage phenomenon of pyro- 
clastic flow-producing eruptions. 
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It has been cautiously suggested (4-7) that recognition of extraterres- 
trial pyroclastic flows on the basis of surface morphology may be possible. 

So far, no unique identifying morphological feature of appreciable scale has 
been documented (8-10) for terrestrial pyroclastic flows. Results from our 
work, unfortunately, imply that this may be the general case. Although the 
morphology of the small volume pumice and ash flows at Mt, St. Helens is 
distir.ctive when viewed at close range, the scale of even the largest 
features is far too small to be resolved with available Mariner and Viking 
imagery. No relationship can be demonstrated between thF volume of a pyro- 
clastic flow and the scale of surface features. Furthermore, our study 
suggests that there may be an inverse relationship. We therefore suggest 
that large and medium volume pyroclastic flow deposits, e.g. Bandelier 
Tuff, Valley of Ten Thousand Smokes, need not possess large surgace features. 
Similarly, we suggest th*ic pyroclastic flows on Mars can not be expected to 
possess resolvable surface features of the type characterized by late- 
stage, coarse pumice and ash flows. 

Inherent in this discussion is the premise that mechanisms of pyro- 
clastic flows on Mars are similar to those operating on Earth. To continue 
to speculate on this subject, it is necessary to first refine our under- 
standing of terrestrial volcanologic phenomena such as the generation (11), 
fluidization (12), und deposition (13) of pyroclastic flows. From these 
efforts, it is conceivable that a list of truly diagnostic criteria - in- 
cluding distribution, style of modification, and surface morphology - will 
emerge. 
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The scarps seem Co have resulted from slope failure. Secondary pyroclas* 
tic flows t which drained froia the falling slopeSt are difficult to dls* 
tingulsh morphologically from primary deposits, remnants of scarps nay be 
diagnostic. 

7. High»angle ( > 3QQ) scarps , a few meters high, bordering low 
SQiooth-surface "rasas'^ Scarps are beat developed on the upstream side. 
The mesas appear to be Isolated remnants of the same flow deposit, prob* 
ably erupted on June 12 , 1980, The landfom bears a striking resemblance 
CO certain features on lo. The scarps could have been formed through 
erosion by subsequent high-energy flows, or by slope failure, or by both* 
Unfortunately, the June 12, 1980 deposits of Mount St, Helens were nearly 
totally ueatroyed by nudflovs In the spring of 1982. 

3, Scalloped/ high-angle scarps that truncate prlmarj- flow features, 
but did not generate secondary pyroclastic flows. The scallops are gen- 
erally semi-circular. The scarps are believed to have formed by collapse, 
possibly due to melting ice In the debris-avalanche deposit^ that under- 
lies Che pyroclastic flows. Hummocks at the base of the scarps are 
evidence for a collapse origin, 

Landforms L, 2, 3, 4 and 8 are not diagnostic of pyroclastic flows; 
similar features can be seen on lava flows, mud flows, debris flows and 
glacial deposits. The large pits In Che smooth cratered plains, 5, may be 
diagnostic. Collapse pits on lava flows or glacial moraines have no rims. 
Rimmed craters without blocks suggest explosion within a low-cohesion 
material. If other criteria suggest flowage, the material is likely to be 
pyroclastic. The pits may be difficult to distinguish from small bowl- 
shaped impact craters and ages based on crater counts would be spurious. 

Low- and high-angle scarps, 6 and 7, may be even more significantly 
diagnostic of pyroclastic flows, because they do not require shallow water 
or ice, as do phreatic pits. Scarps that fail, releasing secondary flows, 
should be characteristic of low-cohesion, fluidized material. Isolated 
mesas bordered by high- angle scarps are probably sculptured by subsequent 
high-energy flows; the material of the mesas presumably had the low coher- 
ence characteristic of pyroclastic deposits . 

Would features observed on pyroclastic deposits at Mount St. Helena 
be of a scale observable at the ies;.lutlon of spacecraft Images? 

Surface features were mapped on black-and-white air photos, flown in the 
summer of 1980, with resolution of about 1 meter, far greater than space 
Images. However, several features could also be observed on Landsat III 
images with 30 m resolution (RBV) , within the range of the best space 
Images; 

I The pumice plain has a lighter tone than surrounding areas that 
are mantled by a blast deposit^ of less vesiculated ash, similar to pumice 
in compjsitioo, 

II Tonal variations within the pumice plain suggest that separate 
flows contributed to the deposit, 

III Phreatic pit craters are diseemible, associated with the darker 
and possibly smoother areas. Craters in the more huomocky terrain of 
debris- avalanche deposits lack ejecta blankets, 

IV The light, variably toned pumice plain appears flatter and much 
less structured than either the surrounding areas of pre-emption topo- 
graphy mantled by blast deposits or the hummocky debris- avalanche deposits 
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EXAimSATIOK OP A TEPHRA DEPOSIT ON THE OREAT RIPT 
OP THE SNAKE RIVER PLAIN IN SOUTHEASTERN IDAHO 

Leeda E. Karsh and John S* King, Depsrtnent of Oeologioal Solenoes, 
State UniTereity of New Tork at Buffalo 

King's Bowl Is the largest orater located on the King's Bowl 
rift set, one of the fraoture eete of the Great Rift System of Idaho. 
King's Bowl is looated approxlnately 3^ hm from American Palls In 
southeastern Idaho. The King's Bowl lava field represents one of the 
youngest flows on the Snake Riwer Plain and has been dated at 
2130 * 130 yearo before present (Prinz, 1970). Field studies indicate 
that the eruptive sequence at King's Bowl concluded with a period of 
phreatio aotlwlty whloh oowcj'ed an area of at least two square 
kllOKeters with a blanket of tephra. 

The tephra ranges in size from large blocks down to olay size 
particles. Blocks and larger fragments predominate on the west side 
of the rift. In contrast, the east side has some blocks but ash 
predominates due to the preva'*ling westerly winds at the tine of 
eruption. The surface tephra on the east side of the rift covers a 
relatively thick layer of loess. A tronoh was dug revealing the 
following sequence from surfaoe to deptht tephra, loese, a 
relatively thin ash layer, loess, and a base of lava. This sequence 
may be interpreted as representing either two periods of phreatio 
activity, or alternatively the transportation of tephra from the site 
of its original deposition to its present position above the loess. 
Another phenomenon which supports two periods of activity in the irea 
are " equeeze-eips" situated on a loessal surfaoe. Squeeze-upe whioh 
are bulbous nasses of lava from 0. ^ m to over 2 m aorose exist on both 
sides '^f the rift althou^ they are iiuob more numerous on the west 
(K1 i g, 1977)* Field relations indicate that most of these masses 
rsprsBsnt lava squeezed up from beneath the surfaoe, but those which 
lie entirely on loess may have been semi molten ejecta. 

The tephra oonslsts of vitrio fragments as well as llthic 
fragments of wall rook. The tephra varies considerably in color, 
shape, and texture. The color ranges from dark gray to a yellowish 
brown to a brick red. Most partloles are very angular, but range to 
Bubround. Textures vary from very dense to hl^ly vesioular. The 
yellowish brown color may represent palagonitization. Preliminary 
petrographic analysis has revealed a reddish brown isotropic substanoe 
surrounding most fragments whioh may be palagonite. This alteration 
prooese (palagonltisatlon) may be the result of Interaotion of the 
lava with the water table at the time of eruption or of subsequent 
weathering. Further obemloal and petrographic analysis is being 
conducted to verify the presence of palagonite and to better 
oharaoterize the operative alteration prooesses. 

Examination of the interrelationehips of the King's Bowl tephra, 
squeeze-ups, and loess should i^ovlde a better understanding of the 
eruptive sequence and alteration prooesses active over the last 2,000 
years. 
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LAVA CHANNELS ON THE EASTLIJN SNAKE RIVER PLAIN, IDAHO AND 
THEIR RELATION TO SIMILAR LUNAR iVND MARTIAN FEATURES 
Harris Economou and J.S, King, Department of Geological 
Sciences, State University of New York at Buffalo 

Lava channels are commonly associated with basalt flows 
of the Eastern Snake River Plain, Idaho. Continuing research 
has indicated that selected lava channels on the Eastern Snake 
River Plain resemble some lunar and Martian features. Several 
channels on the eastern plain were identified and examined in 
terms of their formation and morphologic evolution. The study 
also photographically examined numerous channels on the Moon 
and Mars which are believed to have formed by volcanic 
processes similar to those responsible for terrestrial lava 
channels • 

One such terrestrial channel located in south-central 
Idaho is Inferno Chasm (fig. l). Extensive field research 
indicates that Inferno Chasm's sinuous 1.5 kilo meter- long 
lava channel formed when the margins of an active lava river 
which was fed by the vent solidified to form bounding levees. 
As the eruption proceeded the volume of flow material in the 
river increased and overflowed the levees bounding the channel 
Local blockages in the channel may also have caused the lava 
river to overflow its banks, Wliatever the cause the overflow 
lava quickly solidified. Repetition of the process heightened 
and enlarged the levees which now have a maximum height of 30 
meters near the vent and progressively decrease down channel. 

T * » • 

V*'’ *- A ■ 


Figure 1. Vertical aerial photograph of 
Inferno Chasra, Width of photo equals 
2,0 kilometers. 






Figure 2« Lunar Orbit er I’ho to graph of 
sinuous rilles near the crater Prinz* 
Width of photo equals 60 kilometers. 
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Figure 3» Lunar Orbit er Photograph of 
Schroters Valley. Width of photo equals 
156 kilometers. 
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Greeley (1977) first noted the morphologic resemblance of 
two Itmar rilles near the crater Prin* (fig. 2) and hypothe- 
sized a similar volcanic origin to Inferno Chasm. Research In 
this study suggests the rilles formed by a sequence of events 
much like those responsible for Inferno Chasm. Further 
research in this study revealed several other sinuous lunar 
rilles which strongly resemble Inferno Chasm, One of the most 
striking examples of these is Schroters Valley, a I 50 kilo- 
meter long rille which flows into Oceanus Procellarum {fig. 3) 


Figtu’e 4. Viking Orbiter Image of Elysium 
Mons sunroit caldera and associated lava 
channels. Photo width equals 100 kilometers 


Martian channels such as those located on Elysium Mons 
(fig* 4) and Hecates Tholus were also examined in this study. 
Mutch and others (197^) identified the channels as volcanic 
lava channels. The results of this study agree with Mutch , nd 
others euid suggest the ^^artlan channels formed by processes 
similar to those which formed Inferno Chasm and other cheumels 
on the Eastern Snake River. 


Greeley, R. and P.H, Schultz, 1977, Possible Planetary 
Analogs to Snake River Plain Basalt Features, In Greeley and 
King, eds , Volcanism of the Eastern Snake River Plain, Idaho 
A Comparative Flaneta'^ Guidebook, NASA, p. 233~251. 


Mutch et al., 1976, Tlie Geology of Mars 
Princeton University Press, 4 00 pp. 
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THE 0RI6IN OF THE CHBilBl CRATB1 FLOHS 

B.R. Hawke, Planetary Geosciences Div., Hawaii Inst, of Geophys., Univ. of 
Hawaii, Honolulu, HI 96622; J. Whitford-Stark, Dept, of Geology, Univ. of 
Missouri, Columbia, MO 65211 

Introduction ; The origin of the flows in Chenier crater on the lunar 
farside have long been the subject of intense debate. A variety of vol~ 
canic (e.g., El-Baz and Worden"*, West^, Villella^ and impact (Whitford- 
Stark and Hawke^) origins have been suggested. In particular, Villella^ 
argued that the flows originated from the subsurface movement of magma gen- 
erated as a result of the Tsiolkovsky impact event. As a result of recent 
studies of lunar impact melt and clastic debris deposits, sufficient evi- 
dence now exists to demonstrate an impact melt origin for these enigmatic 
flows. 

Morphology of flow units; The two flows under consideration occur in 
the floor of Chenier crater which is a 37 km pre-Tel olkovsky impact struc- 
ture loc 0 tt»j 21.5 km northeast of Tsiolkovsky. The longest flow (flow 2) 
extends for 14.7 km and varies in width from “3 to *5 km. The flow thick- 
ness is quite variable, being thinnest where the unit crosses a topographic 
inflection. There is evidence that the flow material originally covered a 
larger area but moved downslope to merge with the main unit, '''he surface 
texture of flow 2 varies from pitted to generally smooth and exhibits nei- 
tner longitudinal nor transverse ridges. The shorter of the two flows 
(flow 1] is B.7 km in length and varies from about 1.5 to 2.3 km in width. 
Topographic data suggests a maximum thickness of about "150 m. Lateral 
ridges exist along portions of the flow and one or more grooves can be seen 
along much of the length. 

Origin and mode of emplacement ; Although the flows are concentrated in 
topographic lows, portions are draped over subjacent terrain from which 
they failed to completely drain. Such relationships suggest emplacement as 
fluidized flows and are common in impact melt deposits around other lunar 
craters (e.g., King crater; Howard and Whilshire^, Hawke and Head®). The 
lobate form of the deposits also suggests fluid emplacement. 

The Chenier flows clearly overlie Tsiolkovsky ejecta deposits and thus 
were emplaced after the termination of radial flow of crater ejecta. The 
flows appear to have originated high on that portion of the Chenier crater 
wall adjacent to Tsiolkovsky. The apparent source can be identified in the 
vicinity of a major landslide scar visible on Apollo photographs as well as 
the topograhic map of the area. Abundant lineations clearly demonstrate 
that the flow material moved down the Chenier wall to the crater floor. 
The presence of a scar in the source area is a further indication that flow 
formation was initiated after the deposition of Tsiolkovsky ejecta and 
hence the fluidization of the flow material cannot be attributed merely to 
forceful ejection. It is instructive to note that i;he apparent source area 
for the flows was adjacent to a hummocky, but generally flat, Tsiolkovsky 
ejecta unit which is strikingly similar to deposits interpreted to be com- 
posed of clast-bearing impact melts by Hawke and Head^. Similar material 
was probably present in the source region of the flows prior to their 
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An axtraiaaly afficlant emplacanant machanlsm Is raqulrad to account 
for tha transport of flow matsrlal far beyond the base of the originating 
slope. The flow unit traveled a maximum horizontal distance of *’26 km, 
exparlanced a maximum vertical drop of "1 .9 km, and has a low effective 
coefficient of friction (0.073). Flow 2 would have traveled an even 
greater distance had It not encountered the elevated terrain on the 
northeast side of the Chenier crater floor. This low coefficient of fric- 
tion Implies an extremely efficient mode of transport. Such mobility would 
not be expected of a dry flow of clastic debris emplaced after the termina- 
tion of the cratering event when a radial velocity component due to force- 
ful ejection would no longer be Important. Dry lunar avalanches clearly 
due to local slope failure are not very efficient. Howard^ noted that only 
a rare few of the avalanche deposits recognized on crater walls extend 
beyond the steep crater wall out onto the floor. Typical of these few Is 
the landslide on the wall of Jansen B crater (Diameter = 17 km). The coef- 
ficient of friction of this landslide Is 0.435, much higher than the 0.073 
calculated for the Chenier flows. Additional studies of certain lunar 
clastic debris deposits that were previously thought to have been very 
efficient (e.g., the Apollo 17 light mantle) have demonstrated that they 
were partly propelled by Impact processes (Howard^, Lucchltta^). In light 
of the above considerations. It appears that the Chenier flows are not dry 
clastic debris deposits but were fluidized by some agent. In view of the 
absence of a significant lunar atmosphere and the anhydrous nature of the 
Apollo samples, air and water can be ruled out es fluidizing agents. The 
one liquid component known to be capable of producing such fluidized depo- 
sits Is Impact melt, which, as discussed above, was probably present In the 
source region of the Chenier flows. 

Morphology and distribution of Tsiolkovskv Impact melt deposits; Abun- 
dant melt deposits can be recognized In and around Tsiolkovsky and exhibit 
a number of distinctive morphologies Including flow lobes and channels, 
hard rock veneer, and complexly fractured ponds. Although much of the 
crater floor Is covered by mare basalt, unflooded portions of the floor 
exhibit both ponded material and hummocky areas which are draped with a 
thin hard rock veneer. Numerous melt ponds can be seen on the crater walls 
and are particularly abundant on the eastern walls. 

While veneer, flows, and ponds occur on tha crater rim, ponds err the 
dominant morphology and contain the bulk of the recognizable melt volume. 
Flows of Impact melt are not common around Tsiolkovsky but are well- 
developed on the north wall of Waterman crater^ Numerous Inter-pond 
areas on the southeastern portion of the crater rim exhibit a subdued 
appearance associated with melt-draped regions and this veneer material 
exhibits gradational contacts with pond material. Veneers are particlarly 
well developed In the region of Waterman crater. Exterior ponds are 
located around over 180° of the crater perimeter but are most extensive In 
the eouthaastern quadrant of the rim. Here, the melt ponds occur at a max- 
imum distance of 30 to 55 km from tha rim crest. 
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RaLatlonship of Chanl ar flows to othT lalolimvsIOLaelt dapotitt; Aa 
dtacuaaad abova, tha hummocky, flat unit In tha vicinity of tha aourca of 
tha Chanlar flows la probably composed of clast-bsarlng Impact malt. This 
unit Is wall within the zone of malt deposits seen on other portions of tha 
Tsiolkovsky r1niAtS,6 ^ Jp addition, the unit Is not In tha approach direc- 
tion for tha oblique Impact and occurs adjacent to a Tsiolkovsky rim crest 
low, both factors which have been shown to ba Important In controlling malt 
dlstrlbutlonSfB, Clearly defined melt ponds have bean Identified In tha 
vicinity of tha hummocky unit and flow source. Impact melt ponds and flow 
features have been Identified between the hummocky region and tha Telolkov- 
sky rim crest, on that part of tha Tsiolkovsky wall adjacent to tha hum- 
mocky unit, and on the south rim of Chenier crater. Impact melt deposits 
are quite abundant further to the south. 

Conclusions and ImoLicatlonB; An analysis of the Chenier flow units 
has shown that they are not likely to be clastic debris flows or volcanic 
deposits. Based on flow unit morphology and morphometry, stratigraphy, and 
relationship to Tsiolkovsky melt deposits, as well as comparison with other 
lunar Impact malt deposits and landslide deposits. It Is concluded that tha 
Chenier flow units are composed of clast-bearing Impact malt and were 
emplaced as melt-fluldized flows after the termination of the Tsiolkovsky 
Impact event. 

The criteria developed In this study can be used elsewhere on the Hoon 
to distinguish flows of Impact malt from clastic debris deposits. If It 
can be demonstrated that a given flow was Initiated and emplaced after ter- 
mination of crater ejecta radial flow and If tha deposit exhibits a low 
effective coefficient of friction, an Impact melt origin is Indicated. 

References ; 1) El-Baz, F. and Worden, A.M. (1972) Apollo 15 PSR, 
25.1-25.27. 2) West, H.N. (1972) Apollo 15 PSR, 25.91-15.83. 3) Villella, 
C.J. (1977) 2M Mgfin, 12, 343. 4) Whitford-Stark, J. and Hawke, B. :i979) 
NASA TH-B0339, 163 . 5) Howard, K. and WUshlre, H. (1975) J,. Rfift. US 6eol . 
Survey . 3, 237. 6) Hawke, B. end Head, J. (1977) Impact grid Explosion 
Craterlno . 815. 7) Howard, K. (1973) Science . 180 . 1052. 8) Lucchitta, 
B.K. (1977) Icarus . 20., 80. 
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GEOMORPHIC CLASSIFICATION OF ICELANDIC VOLCANOES 
Richard S. Williams, 3r., U.S. Geological Survey, Jleston, Virj^nia 22092; Sigirdur 
Thorarinsson, University of Iceland, 101 Reykjavfk, Iceland; and Elliot C. Morris, 
U.S. Geological Survey, Flagstaff, Arizona 86001 

In 1939 and 1960, Thorarinsson published his first classification of the 13 principal 
types of Icelandic volcanoes and, in 1968, published a revision of his earlier one. 
Both landform classifications were based on the relationship of the type of eruptive 
products (lava, lava and tephra, or tephra), number of eruptions (one or more than 
one), and the form of the eruptive vent (circular or linear). 

In 1980, Thorarinsson, working with Kristjan Saanundsson, made a modification to 
his previous classification schemes. The number of volcanic landforms was reduced 
to 11 and limited to subaerial basedt volcanoes. The number of eruptions necessary 
to produce a given landform was eliminated. The stratovolcano (SnaefellsjSkull) 
and the stratified ridge (Hekla) landforms were also eliminated, because they are 
central (composite) volcanoes. 

On the basis of this previous work, many years of direct field observation and study 
(ground and air), and review of the relevant literature on geomorphology of 
Icelandic volcanoes, a new geomorphic classification of Icelandic volcanoes has 
been developed (figures 1-4). The new geomorphic classification, which includes 
all types of Icelandic volcanoes, distinguishes 29 discrete landforms (Williams and 
others, 1982). It relates the nature of volcanic activity (effusive, mixed, or 
explosive^ environment during formation (subaerial, subglacial, or submarine^ and 
form of feeder condiit (short fissure/tubular conduit or long fissure) for the three 
primary compositional classes of Icelcindic volcanoes; basalt (figure 1) (effusiva: 
lava ring, lava shield, lava shield row, table mountain, subglacial ridge, seamount, 
submarine ridge; mixed: spatter cone, spatter cone row, scoria cone, scoria cone 
row, mixed cone row; explosive: tephra ring, tephra ring row, maar, maar row); 
rhyolite (figure 2) (effuaive; flow dome); and central (figure 3) (mixed composition 
of basic, intermediate, and acidic lavas and tephra: composite cone, composite 

ridge, composite volcano massif). A pseudovolcano landform (explosive; pseudo- 
craters, figure 4) is also included in the classification. The new geomorphic 
classification will form the basis for a National Aeronautics and Space Administra- 
tion book, "Illustrated Geomorphic Classification of Icelandic Volcanoes" (Williams 
and others, 1981). 
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TUBULAR CONDUIT 

LONG FISSURE 


Sibaerial 

LAVA RING 
Type: Eldborg 
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— 

EFFUSIVE 

ACTIVITY 


LAVA SHIELD 
Type: Skjaldbreidur 

LAVA SHIELD ROW 
Type: Thj(daKraun 


Subglacial/ 

Subaerial 

TABLE MOUNTAIN (STAPO 
Type: Herdubreid 

SUBGLACIAL RIDGE 
Type: Kalfstindar 

Land! or ms 
resulting 
from 
flowing 
material 

Submarine/ 

Subaerial 

TABLE MOUNTAIN (ST API) 
Type: Surtsey 

— 

# 

Submarine 

SEAMOUNT 
Type: Jolnir 

SUBMARINE RIDGE 
Type: Eldeyjarbodi 



SPATTER CONE 

SPATTER CONE ROW 

MIXED 

ACTIVITY 

Subaerial 

Type: BQrfell 
(H^narfjdrdur) 

Type: Threngslabor^r 

Landforms 
resulting from 
flowing and/or 
airborne 
material 


SCORIA CONE 
Type: B(fdaklettur 

SCORIA CONE ROW 
Type: Vikraborgir 



MIXED CONE ROW 
Type: Lakagfgar 

Subglacial 

* 

Type: Keilir 

« 

Type: FSgrufjOIl 

EXPLOSIVE 
(OR PHREATO-I 
MAGMATIC) 

Subaerial 

TEPHRA RING 
Type: Hverfjall 

TEPHRA RING ROW 
Type: Vatna^ldur 

ACTIVITY 
Landforms 
resulting 
from airborne 
material 


MAAR 

Type: Graenavatn 

MAAR ROW 
Type: Valagja 

Subglacial 

* 

Type: Suhdell 

« 

Type: Katlatjarnir 

. - < 


*No landform name available in English. 

Figure 1 - Icelandic types of basalt volcanoes (modified from Thorarinsson, 1959, 1960, 
and 1968; and from Thorarinsson and Saemuidsson, 1980). 
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NATURE OF 
VOLCANIC 
ACTIVITY 

ENVIRONMENT 

DURING 

FORMATION 

FORM OF FEEDER CONDUIT 

SHORT FISSURE OR 
TUBULAR CONDUIT 

LONG FISSURE 

i 

EFFUSIVE 

ACTIVITY 

Subaerial 

FLOW DOME 
Type: Laugahraun 

FLOW DOME 
Type: Hrafntinnuhraun 

Subglacial 

# 

Type: Sydri-H^ganga 

Type: Hlfdarljall 


*No landform name available in English. 

Figure 2 - Icelandic types of rhyolite volcanoes. 


NATURE OF 

VOLCANIC 

ACTIVITY 

ENVIRONMENT 

DURING 

FORMATION 

MULTIPLE FEEDER CONDUITS 
AND FISSURES 

MIXED 

ACTIVITY 

Subaerial/ 

Subglacial 

COMPOSITE CONE 
Stratified cone (stratovolcano) with 
summit crater 
Type: Snaefellsjbkull 

Lanaforms 
resulting 
from flowing 
and airborne 
material 

COMPOSITE RIDGE 
Elongated stratified cone with crestal 
fissure and/or crater (s) 
Type: Hekla 


COMPOSITE VOLCANO MASSIF 
Contains a single (or multiple) caldera(s) 
Type: Dyngjufj5ll 


Figure 3 - Icelandic typ>es of central volcanoes (composition includes basic, intermediate, 
and acidic rock types). 


NATURE OF 

VOLCANIC 

ACTIVITY 

ENVIRONMENT 

DURING 

FORMATION 

FORM OF FEEDER CONDUIT 

TUBULAR CONDUIT 
(Within a Lava Flow) 

EXPLOSIVE 

ACTIVITY 

Subaerial* 

PSEUDOCRATERS 
Type: SkutustadagTgcir 


♦The prerequisite for the formation of pseudoaraters is that the lava flows over 
terrain rich in ground water, such as marshes (Raudholar near Reykjavfk), water- 
logged Sandur plains (Landbrotsgi|ar), or over areas where c efts or cavities are 
more or less filled with water (Skutustadagigar). 

Figure 4 - Volcano-like landforms in Iceland. 
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IMPLICATIONS OF LARGE-SCALE, EXPLOSIVE MELT-WATER INTER- 
ACTIONS: PARTICLE CHARACTERISTICS AND DISPERSAL PATTERNS 

1 2 
Michael F. Sheridan and Kenneth H. Wohletz 

1) Department of Geology, Arizona State University, Tempe, 
AZ 85287* 2) Earth and Space Science Division, Los Alamos 

National Laboratory, Los Alamos, NM 37545. 


Fuel-coolant interaction (FCI) results from the mechanical 
mixing of hot (fuel) and cool (coolant) fluids, the temperature 
of the fuel being above the vaporizaton temperature of the 
coolant. Explosive melt-water interaction is a type of fuel- 
coolant interaction (FCI) that is common in a large fraction 
of explosive terrestrial volcanic eruptions. Although steam- 
blast explosions have been recognized for a long time (1), 
their importance had been underestimated. FCI is the mechanism 
for surge explosions where magma extrudes beneath a shallow 
body of water (2,3). However, subsurface water can also 
promote FCI in chambers as deep as 3 to 5 km (U). A large 
fraction of terrestrial volcanic events have features that 
are at least in part controlled by FCI mechanisms. 

FCI could occur on the surface of other planets and may 
be a major process on some. The requirements are that a 
substance with a low vaporization temperature (coolant) be 
brought into contact with a high temperature fluid (fuel). 
Volcanism provides one vehicle for this mechanism, as demon- 
strated by abundant terrestrial examples. However, other 
mechanisms, such as those associated with giant impacts, should 
not be dismissed without a consideration of the processes and 
time-scales of FCI in relation to current models of cratering 
events . 

What are the sources of information on FCI? Melt-water 
experiments have been undertaken at Sandia National Labor- 
atories in relation to nuclear plant safety (5,6,7). Larger- 
scale experiments were done at Los Alaros National Laboratory 
to model volcanic phenomena (8,9,10). At an even greater 
scale, a body of data has accumulated in the past 15 years 
on volcanic base-surge phenomena and deposits. Several new 
hydromagmatic eruptions occur each year, for example the May 
1980 eruption of Mount St. Helens (11), providing abundant 
new information on this phenomena. Unfortunately, the 
systematic incorporation of such data into a model of hydro- 
volcanism is still in its initial stages (12). 

What can be said about FCI involving water and a magma- 
like coolant? Efficiency of conversion of thermal to 
mechanical energy (9) is dependant on scale, geometry, and 
composition (melt to water ratio). The maximum experimental 
efficiency exceeds 30H but natural explosions may approach 
50i. Under optimum experimental conditions the melt is 
fragmented into very small particles (10 to 50 urn) that have 
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a distinctive appearance (7t10). Particles produced by hydro- 
volcanic explosions have shapes and sizes that are similar 
to the experimental products (13)* If the water content 
exceeds an optimum value, t^he exploded sy£^em could be "wet"' 
including steam, water, and solid particles (12). The glassy 
clasts produced would rapidly hydrate and their resulting 
deposits would lithify due to secondary mineral growth. 

Dispersal of FCl products, whether of volcanic or 
otherorigin, should have a distinctive patterns. Computer- 
assisted maps of surge deposits can be satisfactorily modeled 
by an energy-cone algorithm (14,15). Terrestrial volcanic 
constructs (16) may be sheet-like (tuff . ings) to cone- forming 
(tuff cones). The range of surface textures on FCI products 
of other planets could be expected to mimic terrestrial pyro- 
clastic flows, pyroclastic surges, and lahars. 
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EXPERIMENTAL MELT-WATER INTERACTIONS 

Wohletz, Kenneth H., Earth and space Science Division, Los Alamos 
National Laboratory, Los Alamos, NM 87545 

Experiments in which molten thermite explosively vaporized water 
have been performed to obtain information on the effects of impact 
cratering in a wet target. Results o^ initial experiments (1) in which 
large masses of melt (100 kg) explosively mixed with water were com- 
pared with those of other studies of melt-water interactions (2,3). 

This analysis showed that the conversion efficiency of thermal to mechan- 
ical energy is strongly dependent on the water-to-melt mass ratio for 
constant confinement pressures and contact geometries. The fine-grained 
nature (1-lOL pm) of ejecta and their ballistic and surge emplacement 
in vapor-rich flows have been assessed for importance in formation of 
Martian rampart crater ejecta (4). Present work has been aimed at 
obtaining more quantitative data relating efficiency to water-to-melt 
mass ratio. This work also includes shape and size analysis of ejected 
debris. 

Series II Experiments 

Series II experiments employ a new design (5) in which less than 
10 kg loads of melt are used. Explosive energy is scaled by the vertical 
lift of the confinement vessel nroduced by a downward directed vent. 
Records include those of high-speed cinematography and internal -pressure 
transducers (set 80-81). These records were used to evaluate the tra- 
jectory of tht 'es'el and the efficiency of thermal -energy conversion. 

Set 82 experiments also include oscilloscope records of the vessel's 
vertical displacement measured by voltage-distance recorders. Figure 1 
shows results of the vessel's total lift versus water-to-melt mass ratio. 
Lift is directly proportional to efficiency and the range of ratios 
studied complements those reported earlier (1). A marked increase in 
efficiency is apparent for those experiments using a high initial con- 
finement pressure. The experimental design is currently being modified 
to use a rigid, large-gauge spring system to measure impulse pressure. 

2. Experimental Ejecta Characteristics 

Ejected debris recovered from the experiments has been subjected 
to scanning electron microscopy (SEM) a*'d energy-dispersive spectral 
analysis (EDS). Size analysis of the debris is only semiquantitative 
because representative samples of the entire size population have not 
been successfully recovered. 

Smaller-scale experiments conducted at Sandia Laboratories (3) have 
yielded representative size analyses for less efficient explosions. 

These data are plotted against calculated efficiencies in Figure 2 and 
show a range in median diameters from 4000 pm (-2<») to 250 pm (2^). 
Characteristic sizes observed by SEM in our samples are in the range of 
10 to 50 pm for higher efficiency explosive fragmentations. 

Representative EDS analyses of ejected debris are shown in Table 1. 
Quartz sand added to the thenriite produces silicate melts and variable 
chemical compositions that are dependent upon the ejected particle 
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shape. SEM analysis shows that ejected particles have dominantly 
moss-like, convoluted shapes and spherical or drop-like shapes (Fig. 3). 
Subordinant particle shapes are blocky and equant as well as plate-like. 
These shapes show strong similarities to the shapes of volcanic ash 
particles produced by explosive magma-water interactions. 

The size and shape characteristics of experimental ejecta give ad- 
ditional information that can be used in assessment of the fragmentation 
mechanism of melt-water interactions. The efficiency of this process 
is due in part to the fine fragmentation resulting from superheat 
vaporization, fluid instabilities, and shock-wave propagation (6, 7, 8, 9). 
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4eprrsent*t4ve chemical analyses* of thermite melt debris 


Oxide 


2 

3 

4 

5 

SIO^ 

10.07 

10.73 

14.34 

36.55 

18.25 

TiOj 

- 

- 

2.25 

1.44 

1.90 

AljOj 

31 .Z4 

e5.Q9 

n.36 

34.41 

42.46 

FeO 

57.94 

64.18 

57.01 

17.32 

23.28 

W 

- 

- 

6.44 

3.70 

5.84 

NnO 

• 

- 

1.58 

0.96 

1.33 

CiO 

0.45 

• 

2.05 

1.65 

1.90 

Na20 


- 

3.07 

1.98 

3.19 


0.31 

• 

1.91 

1.99 

1.85 


♦ StandAfdless ener 9 y dispersive spectral analyses (EOS) 
^ 1 > Iron-a)um1nufa sphere, large 
Z - Ifon-aluMiflum sphere, s«a)1 

3 - Blocky Iron particle 

4 * Coating on Iron particle 

5 • Iron-aluminuff spindle 
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Chapter 6 

AEOLIAN PROCESSES AND LANDFORMS 



SIMULATING AEOLIAN PROCESSES ON VENUS WITH A HIGH-PRESSURE Ns ATMOSPHERE 
John Marshall, Rodman Leach, Cheryl Treat, Dept, of Physics, Unlv. of Santa 

Clara, at NASA Ames Research Center, Moffett Field, CA 94035 
Ronald Greeley, Department of Geology, Arizona State University, Tempe, AZ 
85287 

The venuslan atmosphere has a surface pressure of *-90 bars and a temp- 
erature of 730 K. Although wlndspeeds near the surface of Venus are pro- 
bably extremely low — a few meters per second, aeolian entrainment of 
particles has been predicted to occur under these conditions. This aeolian 
action Is being investigated with the Venus Wind Tunnel at NASA Ames Research 
Center, California. Simulation of the Venus atmosphere Is done on the basis 
of comparable densities. Operation of the tunnel with CO 2 at 30 bars and 
room temperature generates a gas density equivalent to that on Venus. 

To date, the tunnel has been operated with CO 2 as the particle-entraining 
fluid because this is the major constituent of the Venus atmosphere. The 
CO 2 is stored as a liquid at low temperatures and is released into the 
tunnel as a gas at room temperature after being heated In an intermediate 
reservoir stage. This process requires several hours and demands the nearly 
constant attention of the operator. The concern of this report is the use 
of nitrogen as a substitute for carbon dioxide. N 2 is supplied as a gas at 
high pressures, but at room temperature, and simply requires tranfer from a 
reservoir to the tunnel without an Intermediate stage. As a result, 
operating times are reduced to a few minutes, and Is less costly chan CO 2 . 
Aside from this, practical aspect, it is clearly important to know whether 
planetary atmospheres, at least in terms of their aeolian action, can be 
modelled with a gas other than that occurring on the planet in question. 

In order for N 2 to act as a substitute for CO 2 , it must have the same 
behavioral characteristics when its density is the same, since fluid density 
is being used as the comparator for Venus. Its behavior was judged on the 
basis of two criteria: threshold freestream velocity (Uoot) and threshold 

friction speed (U*^) ; N 2 has a lower molecular weight than CO 2 and thus 
requires considerably higher operating pressures to achieve the same density. 

Entrainment thresholds were determined with N 2 for a large range of gas 
pressures (densities) and a large range of particle sizes and compared to 
those obtained previously with CO 2 . At all densities, both freestream 
velocities and friction speeds (Fig. 1) were found to be essentially the 
same for both gases. Although there was some divergence in the viscosities 
of the two gases at lew pressures, this did not appear to have any notice- 
able effect on threshold. The slightly lower U*t values for CO 2 can be 
accounted for by the use of a different definition of threshold. Reynolds 
Numbers for the different pressures (densities) and different particle 
sizes were also found to be virtually the same for the two gases. 

Friction speed is a representation of the velocity profile and as such, 
can be considered to determine the behavior of the particles once they are 
airborne. Alone, it is insufficient as a criterion because it can simply 
define a dimensionless similarity between the velocity profiles of two 
gases. If absolute velocities for any given height within the profiles 
were <'*fferent. this would be reflected in the ballistic behavior of the 
partlc as, e.g., saltation heights would differ for the two gases. But, 
because U«t remained constant for both gases, the boundary layer attained 
the same thickness and the wlndspeed at any height within the boundary layer 
was the same. It is concluded, therefore, that nitrogen may be used as a 
substitute for carbon dioxide to simulate aeolian action on Venus when the 
density of both gases is the same. 
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Figure 1 . Wind threshold curves for three different atmospheric 
'Jmsltles, comparing CO2 with N2. The value of u* for CO2 being 
systematically lower than that for N2 could be due^ to threshold 
being determined by different observers. 
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WINDBLOWN SAND ON VENUS: PRELIMINARY LABORATORY SIMULATIONS 

R. Greeley and S. Williams, Department of Geology, Arizona State Universi* 

ty, Terope, Arizona 85287 

Aeolian transport of fine-grained material on Venus by the wind is 
suggested by Venera images of the venusian surface and by Venera and Pio- 
neer Venus measurements of near-surface wind speeds. Aeolian transport of 
weathering products from the highlands to the lowlands may play an impor- 
tant role in the chemical buffering of the lower part of the venusian at- 
mosphere (Nozette and Lewis, 1982). Theoretically, winds of the strength 
measured at Venus are well within the range to move particles (Greeley et 
al., 1976; Iversen et al., 1976; Iversen and White, 1982). Tn nrn»r to 
investigate the physics of windblown particles on Venus, a wind tunnel 
capable of operating at venusian atmospheric density was constructed. The 
tunnel operates with CO 2 at room temperature and 35 bar pressure, which 
yields the same gas density as the 735 K, 90 bar venusian atmosphere. A 
series of preliminary tests were conducted to determine the minimum wind 
friction speed, u*(., required for particle saltation for a range of parti- 
cle diameters fror. 23 to 833 pm. The resulting wind threshold curve cor- 
responds fairly well with the theoretical curve (Figure 1). The equation 
for tne theoretical curve is: 


u*t ■ A(ppgDp/pg)0»5 

A - 0.129(tl+O.006/ppgDp^*5]0»5]/[i.928B®*°52-i]0.5 Dp<100pm 
A - 0.12t [l+O.OO6/ppgDp2»^]0‘^ltl-O.O858et‘0*0®^^(®’‘0)l] for Dp>100|im 

B - u*fDp/v 

where Pp ■ particle density 

Pg ■ atmospheric density 
g » acceleration due to gravity 
Dp ■ particle diameter 
V • kinematic viscosity 

Particles with a diameter of ~70 p.n are most easily moved by the wind 
on Venus, with both smaller and larger particles requiring stronger winds 
for saltation to occur. This is smaller than the ~100 ym particle size 
most readily moved on the Earth and Mars. The wind friction speed re- 
quired to move material on Venus is about an order of magnitude less than 
that required on Earth, and about two orders of magnitude less than that 
required on Mars. The differences are due to the different densities of 
gas involved. However, in these preliminary experiments a possible source 
of error in the determination of threshold friction speeds is as follows: 
The centerline wind speed, u*, is the quantity measured *n the wind tunnel 
tests. This is related to u* by the coefficient of friction, Cf, that 
characterizes Che surface involved, where: u*/u« = [cf/2]^*^. The quan- 
tity, Cf, is found from basic fluid mechanics. An error in Cf would give 
an error in u*, and it is particularly sensitive for small particles. 
Work is underway to measure the u*/u« ratio from boundary layer profiles. 
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The greater density of the venusian atmosphere allows a mode of aeo- | 

llan particle transport not encountered on Earth or Mars; observations of | 

coarse (~500 pm) particles In the wind tunnel show that they began to roll | 

at wind shear speeds just slightly below those required for saltation. ! 

Because the surface winds observed are In the range of threshold wind | 

speed, the rolling mode of transport may move significant quantities of ; 

material (see Greeley and Wiliams, 1982; Williams and Greeley, this vol- 
ume). X 
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FLUX OF WINDBLOWN PARTICLES ON VENUS: PRELIMINARY LABORATORY RESULTS 

Steven H. Williams and Ronald Greeley (Dept, of Geology, Arizona State Unlv., 
Tempe AZ 85287) 

Aeolian activity may be Important In the distribution of surflclal mater- 
ials on Venus. An aeollan saltation flux equation has been developed from 
theoretical considerations and wind tunnel tests under terrestrial and martian 
conditions by White (1979) as follows: Q ■ 2.61 P 3 /g(uA-u*()(u*+u*c)^; where 

Q ■ saltation flux, ■ atmospheric density, g ■ gravitational acceleration, 
u* ■ wind friction speed and u*^ • threshold wind friction speed. In order to 
test the validity of this flux equation for the environment of Venus, a wind 
tunnel capable of operating at venuslan atmospheric density has been construc- 
ted. Very good agreement Is found between the wind tunnel data and the flux 
equation for particle diameters of 75-90 pm, the size most easily moved on 
Venus (Figure 1). However, flux of particles with diameters In the range of 
500-600 pm Is not In agreement as closely (Figure 2). The discrepancy may be 
due to: 1) an Inaccurate value of the surface coefficient of friction, Cf, 

which Is used to correlate measured wind tunnel freestream wind speed, u«. and 
the wind friction speed used In the flux equation, with u*/u» = (cf/2)^^^, 2) 
Improper accounting for the effect of particle diameter In the flux equation, 
or 3) unknown factors dealing with fluids of densities not previously studied. 
Current Investigations are In progress to derive experimentally determined Cf 
as a function of particle diameter and to derive a more general flux equation 
to Include particle diameter and particle density. 

The theoretical and wind tunnel saltation flux determinations have Impli- 
cations for the geologic evolution of the venuslan surface. Even modest winds 
occurring relatively Infrequently can move large quantities of sand-sized par- 
ticles long distances (Table I). If winds measured at surface cf Venus by 
Venera correspond to wind tunnel free-stream wind speeds (a reasonable assump- 
tion) then even a conservative estimate of the frequency with which that wind 
occurs result In large quantities of sand movement. For example, for a wind 
speed of 1 m/s occurring 5 % of the time, 28 kg of sand will pass over a 1 cm 
width In one terrestrial year. If the average sand speed Is 0.5 m/s, a con- 
servative estimate, a typical particle would be capable of moving -800 km In a 
terrestrial year. Obviously, such travel over long distances over short times 
requires unrealistically Ideal conditions, such as a smooth surface with no 
sand traps, however. It Is clear that, over geologic time, very large quan- 
tities of sand-sized material can be transported great distances. Thus, wide- 
spread redistribution of chemically-weathered material could take place, which 
nay explain why only fine and coarse particles are observed at the Venera 
sites; the Intemedlate-slze (100-500 pm) particles might have been removed by 
wind deflation. The low, rolling plains units observed by Pioneer Venus may 
be deposltlonal "sinks" for this aeollan material. The rate of aeollan trans- 
port of fines by the venuslan wind is apparently sufficient to allow the buf- 
fering proposed by Nozette and Lewis (1982) of CO 2 , H 2 O, SO 2 and HF in the 
lower atmosphere by reaction with chemically weathered materials from the up- 
land areas. 
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TABLE 1 




Saltation 

Flux, Q, 

in kg/ 

cm»yr 



Smooth 

surface 

Dp ~100 

pm 



Freestream wind 

speed , 

u», m/s 



0.75 

1.0 

1.25 

1.5 


5 

7.9 

28 

58 

100 

VM 

10 

16 

55 

120 

200 


15 

24 

83 

180 

300 


20 

32 

no 

230 

4U0 

a 

25 

39 

140 

290 

500 

30 

47 

170 

350 

610 

2 

35 

55 

190 

410 

710 

u* 

40 

63 

220 

470 

810 


45 

71 

250 

530 

910 

w 

n 

50 

79 

280 

580 

1010 
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WIND FRICTION SPEED em/tce 


Figure !• Saltation flux ae a function of wind friction speed. The line is 
from the theoretical equation given in the text. Quartz particles 
with 75-90 (im diameters were used in the wind tunnel tests. 



WIND FRICTION SPEED cm/(*c 

Figure 2. Saltation flux as a function of wind friction speed. The line is 
from the theoretical equation given in the text. Quartz particles 
with 500-600 )in diameters were used in the wind tunnel tests. 
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PARTICLE MOTION OF VENUSIAN SALTATION 


3 


B.R. White, Department of Mechanical Engineering, University of California, 
Davis, California 95616, R. Greeley, Department of Geology, Arizona State 
University, Tempe, Arizona 85281 


Numerical solutions of the equations of motion for particle trajectories 
on the surface of Venus were calculated. The path lengths and maximum 
vertical heights that saltating particles achieve were found to be insensitive 
to variations of the surface pressure within 70 to iQO bars pressure and the 
surface temperature from 600 to 900*K. Particles in saltation obtained 
maximum height of only two or less centimeters and path lengths of less than a 
meter, regardless of particle diameter. These lengths are much shorter than 
those that occur on either Earth or Mars under similar conditions. Typically, 
impacting particles collide at the surface with angles varying between 2 and 
5* for values of wind speeds at a height of 1 m varying from 1 to 3 m/sec. 
The ratio of final particle speed to the particle threshold friction speed was 
found to be many times larger than that of Earth, up to values of 25. For 
Earth this value is known to be approximately unity. 

The spinning of particles in saltation at atmospheric pressure have been 
shown to have a profound influence on the resulting trajectories (White and 
Schulz, 1977). The investigation of the present particle motion was 
accomplished through the study and evaluation of high-speed motion pictures 
taken in the Venusian wind tunnel. The filmed trajectories were then compared 
with trajectories obtained by numerical integration of the equations of motion 
including the spin effect. 

The saltating material was 550 micron diameter quartz particles with a 
■» 

density 2.5 g/cm . The selection of quartz was made to serve two purposes. 
First, The shape of quar;.z was similar to that of natural windblown materials 
(Greeley et al. , 1977). Second, the non-circular geometry of individual 
particles made measurements of rotation rates possible. 

The equations of motion were solved numerically by a computer. The 
solving scheme was an initial-value ordinary-ditferential-equation solver 
using a predictor-corrector computation algorithm. The initial values 


17 3 


4 


(position, velocities, and spin rate) were obtained from experimental 
measurements taken in the wind tunnel at the beginning of each of the 
particles' trajectory. 

A comparison was made between the filmed path traced out by a particle 
with two theoretical solutions. The first solution was with no spin, and the 
second solution used the experimentally measured spin rate. Good agreement 
was found between the filmed trajectory and the numerical solution with 
particle spin. The measured and calculated particle 'peeds along the 

'rrgectory were essentially the same for the solution with particle spin. The 
rn '..pin comparison had poor agreement. 

Tn many other trajectories, the particle spin was not entirely in the 
vertical longitudinal plane which resulted in a "negative lift" that pushed 
the particle downward. In some trajectories the spin started out clockwise 

("positive lift") and rapidly decelerated, resulting in counterclockwise spin 
("negative lift"). The same result wa- found by Abbctt and Francis (1977) for 
particle motion in water. This phenomenon occurred in approximately 

20 percent of all saltating particles observed. 
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WIND ABRASION OF ROCKS: COMPUTER SIMULATION 

Ronald Greeley (Department of Geology and Center for Meteorite Studies, 
Arizona State University, Terape AZ 85287) 

Three principal factors are involved in calculating rates of wind 
abrasion of ventifacts (Greeley et al,, 1982): 1) wind frequency, 2) var- 
ious particle characteristics such as speed and flux as functions o" wind 
speed, and 3) the susceptibility to abrasion of various rocks. Data on 
all three factors have bean obtained for terrestrial and martian condi- 
tions through experiments. In order to predict the erosion of various 
rocks a computer program has been written which comblneu all three factors 
and calculates the volume eroded as a function of windspeed, particle sup- 
ply, rock type, ate. The program functions in an interactive mode as part 
of the Arizona State University Image Processing Facility. "Two- 
dimensional** rocks of any shape can be entered as a starting condition 
along with wind speed, and such factors as particle size and rock type. 
Evolution of the shape of the rock can then be followed as a function of 
time as it is abra ed. Figure 1 shows an example of one run; note that 
maximum abrasion c curs about 10 cm above the ground, in agreement with 
results from experiments by Sharp (1964, 1980), and as shown in Figure 2. 
This height of maximum abrasion results from the optimal combination of 
particle flux and velocity. 

At present, only a limited data base is entered in the program re- 
garding particle velocities, fluxes, and trajectories as functions of 
freest ream windspeed and atmospheric pressure. Work ii progress involves 
expansion of the base for a wide range of conditions appropriate for Earth 
and Mars; future work will involve incorporation of vales for Venus. 
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ABRASION SEQUENCE 


Figure 2. Ventifiict In Iceland; prevailing wind is from the left; hamner 
Indicates scale. Maximimi abrasion occurs about 10 cm above the ground, 
comparable to tht experimental values found In the simulation shown in 
Figure I * 
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DUST STORM ACTIVITY ON MARS DURING THE VIKING MISSION. A. R. Peterfreund, 
Dept, of Geology, Arizona State Univ., Tempe, A2 85287. (now at Dept, of Geol. 
Sci., Brown Univ., Providence, RI 02912). 

Contemporary aeolian processes on Mars are best demonstrated by the 
annual occurrence of local and major dust storms. The characteristics of 
these storms, their location of origin, and the nature of the surface in the 
area of origin, are important clues in understanding aeolian processes on 
Mars. Observation' iiade by the Viking orbiters' instruments, particularly the 
camera systems (VIS; and the infrared thermal mappers (IRTM), over the four 
years of mission ope Jtion, allow for a detailed docuinentation of local and 
global activity. 

Thirty-one local dust clouds have been identified from the IRTM daytime 
data using a search routine that: 1) determined the thermal opacity of the 

atmosphere at 9pm (1), defined as i9, for each IRTM sequence, and 2) using 
the average t9 as a standard, identified anomalies within a given sequence 
that were indicative of local concentrations of dust (i.e., clouds). The 
average i9, although uncertain in absolute magnitude by a factor of 2 due to 
uncertainties in the scattering properties of the dust, are used to describe 
the relative dust abundance of the martian atmosphere over the period of 
Viking operation (Figure 1). 

The two major dust storms of 1977 are apparent in Figure 1 as the large 
spikes in opacity. The discrepencies between the opacities derived from the 
two orbiters are the result of the different latitudinal coverage. The earlier 
increase in opacity observed by VO- 2, prior to the first 1977 storm, is attrib- 
uted to the aeolian activity along the recedeing south polar cap which 
increased the dust loading of the atmosphere in the southern hemisphere. VO-1 
observations were concentrated in the northern hemisphere at this time and 
subsequently did not record an increase in the dust loading. Prior to the 
second storm in 1977, the dust loading was substantially more uniform between 
the two hemispheres. The IRTM data covering the dust storm season in 1979 
were less complete than that of 1977 due to: 1) limited observations by the 

single operating orbiter (VO-1), and 2) the hiatus in operation (Ls-230'’-350®l 
due to the Voyager Jupiter encounter. However, an increase in opacity can be 
seen starting at Ls-135“, approximately the same t^me as the increase was 
observed in 1977. At Ls-208‘’, the time of the initiation of the first 1977 
major dust storm, the r9 values do not exceed 0.2, suggesting that a similar 
storm did not occur at this earlier time. Whether or not a major storm did 
occur in the period when IRTM data were not collected is uncertain. Lander 
data obtained, however, have been interpretted to suggest that a storm did 
occur at Ls 205'’ (2). 

The catalog of IRTM-observed local dust clouds provides a statistically 
significant data set of storms for which thermal properties can be described. 
The nonuniformity of the thermal characteristics of these storms is indicative 
of the diverse nature of the aerosols that make up the clouds. The observed 
rar.ge in albedo of the local dust clouds, .15 to .40, is interpretted to sug- 
gest that the characteristics of local sediments are reflected in the proper- 
ties of the clourii. 

By combining the IRTM record of local dust storm with the VIS data (3) 
and the wealth of historical Earth-based observations (4), a number of patterns 
of dust storm activity are evident. Oust storms occur over a broad latitudinal 
band centered on the sub-solar latitude, and, in time, are concentrated ♦90'’ 
of perihelion (Ls-250'’) (Figure 2). Correlations of dust cloud occurrence with 
local topography imply that neither elevation nor slope direction is a major 
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factor in defining where the dust clouds occur. However, slope magnitude is a 
significant factor. The thermophysical characteristics of the regions where 
dust storms occur are not unique. However, dust storms rarely originate in 
regions of high albedo and low thermal inertia (i.e., regions interpretted to 
be blanketed by substantial dust deposits). Rather, evidence suggests that 
dust storms generally begin in relatively sanCly regions. This hyoothesis is 
based on the observations that: 1) dunes are often present in regions of 

recurrent dust storm activity, and 2) the majority of dust storms originate 
in regions where thermophysical properties suggest the presence of sand-size 
particles. These observations are consistent wiwh experimental studies of 
threshold velocities (5) which suggest that it is much easier to initiate 
particle motion in regions where sand is abundant as opposed to regions where 
it is not. 

References : 1) Martin. T. Z. et al. (1979), J. Geophys. Res., 84, 2830- 

2843. 2) Ryan, J. A. and Sharman, R. D. (1981), J. Geophys. Res., 86, 3247- 

3254. 3) Briggs, G. A. et al. (1979), J. Geophys. Res., M, 2795-2520. 

4) Wells, R. A. (1980) Geophysics of hiars, Amsterdam, Elsevier, 678 p. 

5) Greeley, R. et al. (1980), Geophys. Res. Lett., 7, 121-124. 



Figure 1. Atmospheric thermal opacity, x9 derived from the IRTM data 
for the duration of the Viking orbiters* missions. The opacities are derived 
from observations obtained within time period of ten revolutions (approximately 
equal to ten days). Plotted separately are t9 derived from VO-1 ar'i VO-2 
observations. Offsets between the two data sets are due to vari.'tions in the 
coverage by the separate orbiters. 
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Figure 2. Latitudinal distribution of local dust storms as a function of 
solar longitude (Ls). The local dust storms plotted are those identified 
fr'om Viking IRTM and VIS observations, and the historical record of Earth- 
oased observations. The solid line is the sub-solar latitude and the snaded 
areas represent the maximum extent of the polar caps. 
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EROSION OF SURFACE MATERIALS AT THE MUTCH MEMORIAL STATION (LANDER 1), MARS 
Moore, H. J., U.S. Geological Survey, Menlo Park, CA, 94025 

Five conical piles of surface materials were constructed in the sample 
field of Lander 1 to detect and measure erosion by martian winds and other 
processes. After about two martian years on the surface, one of these piles 
finally changed (conical pile 4 of Moore and others, 1979). Conical pile 4 
was placed next to a ventlfact on Sol 344 (Table 1). During construction, 
spillage of fines from the surface sampler formed a dark appearing deposit 
around and downwind of the pile, but the bulk of the material formed a cone 
about 4-5 cm tall and 9-10 cm wide. By Sol 441, subsequent sedimentation of 
fines from the atmosphere had almost completely obscured these dark spillage 
deposits; however, the pile showed little or no evidence of change or 
reduction in relief up to Sol 921. Pictures taken more than one martian 
year later on Sol 1765 showed that the relief of conical pile 4 had been 
substantially reduced and that originally burled edges of the ventlfact were 
exposed. 

Although pictures of conical pile 4 were taken 884 sols apart, the 
changes probably occurred within an interval of 64 sols because the other 
conical piles appeared to be unchanged on Sol 1601 (Table 1). Conical piles 
3 and 5 appeared unscathed on Sol 1543 and conical piles 2 and 5, which were 
constructed on and near rock 3 (Moore and others, 1979), appeared to have 
survived intact to Sol 160' . I expect that subsequent pictures, which 
should be available in October 1982, will show that conical piles 2, 3, and 
5 have also changed. 

The incerval during which the changes are Inferred to have occurred was 
near the winter solstice; it coincides with the stormy season on Mars, when 
winds are strong in the north (Ryan and Henry, 1979). Conical pile 4 is 
composed chiefly of very fine grained (0.14-2 /*m) cohesive, drift material 
which would require threshold friction speeds of 10 to 40 m/s for saltation 
to occur (Iverson and others, 1976, equation 8). Threshold friction speeds 
must have been smaller than 10 to 40 m/s because objects as large as 1 cm or 
so should also have moved, but they did not. Minimum threshold friction 
speeds would be near 2 m/s for cohesionless particles near 150 /<m in size 
(Iverson and others, 1976). Thus, erosion of conical pile 4 could have been 
caused by Impacts of ocher materials saltated or entrained by the winds or, 
alternately, there may be small cohesionless "clodlets” in the pile that 
were entrained by the wind. 
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Table 1. Construction Sola, picture frame numbers, and Lander Science 
coordinates for conical piles at the Mutch Memorial Station (Lander 1), 
Mars. 


Pile 

No. 

Constructed 
on Sol 

Coordinates (m) 
2 Y X 

PrePlle 

Frame 

Early Frame 
with Pile 

Last Frame 
Unchanged 

1 

296 

2.24 

2.69 

0.89 

11D034/281 

11D092/296 

12J008/921 

2 

324 

3.95 

-0.63 

0.83 

12D204/323 

11D214/324 

12J108/1601 

3 

324 

3.78 

-0.20 

0.39 

11C129/221 

11D21A/324 

llJlOO/1543 

4* 

344 

2.99 

0.74 

1.00 

11B230/166 

11E054/345 

11J007/921 

5 

639 

3.77 

-0.36 

0.99 

11D214/324 

111070/690 

12J108/1601 


* Frame that showed changes of conical pile 4 v’kb 11J130/1765. 


ORIGINAL IS 

OF POOii .• 



NEW METHOD FOR DETECTING CONTRAST CHANGES AT THE MUTCH MEMORIAL 
STATION (VLl); RESULTS FOR THE FIRST THREE YEARS 
E. A. Guinness and R. E. Arvidson, McDonnell Center for the Space 
Sciences, Washington University, St. Louis, Missouri, 53130 


The Viking Lander 1 cameras are based on photodiodes equipped 
with Inter ferenc ^liters (Patterson et a1., 1977). Because of the 
rather high optical depths observed on Mars, the diode output 
voltage, v, produced by the spectral radiance from a given patch of 
surface, at a given Incidence, emission, and phase angle, must be 
expressed as: 

M - c 1- cJ ^ 0 ) 

■'o 

where c Is a calibration constant, S{ X ) Is the solar spectral 
Irradlance, T (>) Is the atmospheric transmittance, SKY{> ) Is the 
skylight spectral Irradlance, T(/\ ) Is the camera transfer function, 
and f (/) Is the bidirectional spectral reflectance of the surface 
patch. The relationship between voltage and the 6-b1t DN (digital 
number) returned to Earth can be expressed as: 

DN = A A V + B (2) 

where A and B are constants. Changes In camera response, which were 
monitored for the first 1000 sols (Wall, 1981) can be expressed In 
the following form: 

DN(T=30,S=0) = M X DN(T,S) + K (3) 

where T Is the sensor temperature, S Is the sol, and M and K are 
constants. T*30 Is a sensor temperature equivalent to 30 ON and S=0 
corresponds to the day of landing. For the i^ed channel (0.60-0.75 
micrometers) the values of M and K are such that during the first 
three years of observations the change In ON due to drift In the 
camera response Is small enough to be well within the quantitizatlon 
step of the 6-b1t encoding from voltage. Thus, drift In the camera 
response can be Ignoi^ed. The red channel was chosen because scene 
contrast Is higher than In the blue and green channels. 

Given these relations, we derived a new method to measure 
changes In a given scene Imaged at two different times at the same 
lighting geometry. Consider a scatter diagram of the ON's for a 
given scene acquired at two different times with a lighting geometry 
that produces a minimum of shadows (Figure lA). If there were no 
surface changes and no change In the characteristics of the 
Illumination, the plot would consist of a straight line with a slope 
of unity. Changes In the Illumination can be shown from equation 1 
to only «^esult In a change In slope. However, local changes In 
scene contrast would tend to Increase the spread of points In a 
direction roughly perpendicu. ar to the main trend (Figure IB). We 
utilized principal components analysis to solve for the fractional 
variance along the direction perpendicular to the main trend. We 
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also generated Images by projecting the data points along the vector 
direction that Is perpendicular to the main trend (Figure 2). This 
technique eliminates changes due to varying Illumination and 
delineates local surface changes. As a calibration, the fractional 
variance along the perpendicular vector direction for two scenes 
acquired one sol apart during the beginning of the mission Is 0.05%, 
while the fractional variance for a scene with and without the 
surface sampler arm and trenches Is 7.73%. Figure 3 Is a plot of 
the fractional variance contained along the perpendicular direction 
foi pairs of Images acquired under similar lighting geometries (high 
sun angle) for the three years of the Lander mission. The fact that 
the variances are gre. ter than zero and do not form a trend 
Indicates that contrast changes occur on a regular basis, I.e., the 
scene is dynamic. Since the contrast variations are due to wind 
erosion and depostion, one can conclude that threshold drag 
velocities have been reached at the site repeatedly over the three 
year timescale of the Lander mission. 
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Figure i - (a) Scatter diagram for two images acquired on sols 469 
and 470; (b) Scatter diagram for two images acquired on sols 1268 
and 1934. Diagonal line has a slope of unity. The second scatter 
diagram shows evidence for local surface changes. 
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Figure 2 - Images A and B were acquired on sols 1268 and 1934. 
Image C delineates contrast changes between these two time periods 
using the method discussed in the text. Bright areas correspond to 
regions where the albedo has increased and dark areas to regions 
wherp the albedo has decreased. 
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Figure 3 - Piot of variance carried along perpendiculars to main ■ 

trends of scatter diagrams for image pairs. Ends of bars indicate 

the time range between each pair. Areas with sampler activity were ] 

avoided, except to establish the variance with the arm and trenches i 

in one image and not in the other. The control corresponds to the 

scatter diagram in Figure la. *i- 
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WIND TUNNEL MODELING OF BRIGHT AND DARK CRATER- ASSOCIATED STREAKS 

Jam6s D. Iversen^ Professor, Iowa State University 
Ronald Greeley, Professor, Arizona State University 
James B. Pollack, Research Scientist, NASA Ames Research Center 

There have been many discussions of the crater-associated wind 
streaks on Mars, and many conjectural proposals concerning their 
origin — i.e., are bright streaks depositional , are dark streaks 
deflational, or is there currently too little information to tell? 

We have performed a considerable number of wind tunnel experi- 
ments at quite small scale which resulted primarily in deflational 
streaks. We have also obtained depositional streaks, however, by 
injecting material through the crater floor or by simply placing 
credible material only within the crater rim (Greeley et al, 1974a, 
1974b; Iversen et al. 1973, 1975, 1976, 1978; Veverka et al, 1976]. 

Veverka et al. [1981] propose still a third scenario for the 
occurrence of depositional (bright) streaks. They have noted that 
some craters trail both bright streaks and dark streaks in different 
directions. They conclude that meteorological conditions rather 
than crater geometry determine whether bright streaks or dark streaks 
occur. They further contend that bright depositional streaks form 
during the clearing phases of global dust storms. Because of the 
dust in the atmosphere, the upper layer of the atmosphere warms, the 
surface cools, and the atmospheric layer adjacent to the surface 
becomes very stable. Because of this stability, craters with raised 
rims block the wind so that it must flow around the lateral sides of 
the crater rather than over. A quiet zone exists to the lee of the 
crater (in contrast to the neutral atmospheric layer), and dust fall- 
ing out of the atmosphere in the clearing stage of the storm deposits 
preferentially in the lee. 

Although simulation of stratified flow in the wind tunnel at 
small scale is difficult, some recent experiments were performed in 
the Iowa State University environmental wind tunnel to test the 
bright-streak stable-layer hypothesis. Figure 1 illustrates the 
normal neutral layer deflation streak. Figure 2 illustrates an 
attempt to simulate stable stratification by placing a layer of dry 
ice at the inlet of the test section. The cold CO^ gas and cooled 
air flows along the wind tunnel test section floor, and the much 
warmer ambient air is drawn into the test sec^^ion above the colder 
gas, re^mlting in stable stratification (the temperature difference 
in the wind tunnel corresponds to potential temperature difference 
in the atmosphere). The crater model in Figures 1 and 2 is the same. 
The particles (glass spheres, diameter <125 pro) are also the same 
except that in Figure 2 the spheres are damp and more cohesive, with 
a correspondingly higher threshold speed. The flow pattern in the 
two tests was obviously quite different. The deflation streak in 
the crater wake in Figure 1 resulted in the dark streak; the greatest 
deflation in Figure 2 took place on either side of the wake, liaving 
a bright streak. 

Veverka et al. present a parameter r (basically a 

of the Richardson numi ? ) wh?ch they indicate must be of the order 
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Figure 1 . Reference (neutral boundary layer) laodel test. Model crater 
rim is 30 cm In diameter and 4 cm above the floor. Particles 
are glass beads {diameter < 125 urn). 



Figure 2. Model test with stably stratified boundary layer. Model 

and particles are the same as in Flguie 1 except for greater 
particle cohesion because of moisture. 
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of one for sufficient stability to block the flow. If one assumes 
that the temperature change from bottom to t ^ of the crater model 
is 100® C in the wind tunnel test, then the value of r in the wind 
tunnel is only 0.02. This seems to be large enouph, however, to 
cause flow blockage to occur. Comparison of parametric values for 
the wind tunnel model with thore for a full-scale crater on Mars 
with equal and unequal values of Richardson number is shown in 
Table 1. Although there may be other causes for the difference 
between bright and dark streaks, such as different ri^^pie wave- 
lengths inside and outside the streaks, the stable-stratification 
hypothesis seems to be plausible. 

Table 1. Comparison of model an^^ 
stabiy-strat a f ird ^ir. 


Wind Speed 
at C. ater Rim 
Model Run (m/s1 


7-1-2 (Figure 1) 2,4 
7-2-1 (Figure 2) 4.8 
Martian Crater 16.0 
Martian Crater 2.4 


’ill scale parametric values in 


Crater 

Ri:hardson Crater Rim 
Number ^ Diameter Height 

.d ^L/e^ U (m) (m) 


0 0.3 0.04 
0.02 0.3 0.04 
0.02 1000 130 

1 1000 130 
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MARS; INFLUENCE OF OBSTACLE TYPE AND SIZE ON WIND STREAK PRODUCTION 


S. W. Lee, P. Thomas, and J. Veverka, Laboratory for Planetary Studies, 
Cornell University, Ithaca, New York 14853 

We have analyzed the characteristics f wind streaks associated 
with craters and hills in the size range c< 100 m to 32 km using 
Viking Orolter Images of Mars. The Increased resolution of the Viking 
coverage allows the results of previous Mariner 9-based studies 
(Arvidson, 1974; Veverka et a1 . , 1978/ to be extended to significantly 
smaller obstacle sizes. 

Our data can be used to test various ideas on how the length of a 
streak should depend on obstacle height. For example, Veverka et al . 
(1981) proposed that bright (depositional ) streaks result from the 
blocking of atmospheric ^''nw during times of high static stability and 
dust loading, and suggested that the maximum streak length should be a 
constant multiple of obstacle height H. 

The major fin gs and implications of our studv are; 

1. Bctn dark and bright Type I streaks (Thomas et a l . , iS81) fonn over 
the entire range of obsei /ed obstacle sizes— from 100 m to 32 km. 

2. Preferred obstacle sizes for producing bright streaks are evident,; 

a) 2-8 km craters are most commonly associated with bright streaks; few 
are found at larger sizes (Fig. 1). 

b) Hills are as effective as comparably-sized craters in produci 
bright streaks (hill-related dark streaks are rarel. This finding 
supports Lhe earlier conclusion of Chaikin et al . (1981), based on 
data restricted to the Cerberus region. 

c. Based on the rim height vs. crater diameter da a of Pike (1977). 
and height estimatas of hills from shadow mease reffients, obstacles in 
the size ran' if 2-8 km correspond to heights of several tens to a 
few hundred it-. >rs. 

3. The situation for Type I dark streaks is much more area-dependent, 
but if the data for different regions are averaged, a pr.;*errad range of 
crater diameters of 4-16 km is suggested. 

4. Streak length to obstacle ..ize ratios (L/0) are similar in mean 
value ana .n dependence on obstacle size for both bright and dark 
streaks. A typical (L/D) vs. D curve for bright streaks is shown in 
Fig. 2. 

5. For bright streaks associated with craters the streak length to '*im 
height ratio (L/H) d creases with increasing H, rather than ranaining 
constant as the simple blocking mo'^el of Veverka et al . (1981) sug- 
gests. The relationship shown in Fig. 3 is representative of that ob- 
taining f r the other regions that we have studied. The implicacion is 
that smaller obstacles Mars are relatively more efficient streak 
producers than larger ores. 

This research was supported by NASA Grant NSG-7646. 
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Crater Diameter (km) 


Fig. 1. 0ccur'"eric3 of bright streaks in the vicinity of Kasei 

Vallis/Lunae Planum. Data are grouped into log (base 2) 
bins of the crater diameter. Error bars are based on 
the square root of the number o"'^ streaks in each 


189 

c:'- 3 



Fig. 2. Mean bright streak 
length to crater diameter 
ratio (L/0) as a function 
of crater diameter. Error 
bars of one standard devia- 
tion are shown. Region: 
Kasei Vallis/Lunae Planum. 
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Fig. 3. Mean bright streak 
length to crater rim-height m 
(L/H). The least-squares o 

fit to the mean values is 2 
shown. The line at L/H = 55 

500 is the upper limit pre- s 
dieted by the Veverka et al . .g* 
(1981) blocking model . The OQ 
upper scale relates crater x 

diamete'" to rim height. ^ 

Region: Kasei Vallis/Lunae 
Planum. 


Obstacle Size (km) 

0.125 0.5 2.0 8.0 320 

0.062 0.25 1.0 4.0 160 64 
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MARS EOLIAN SEDIMENTATION: HOW MUCH, HOW FAST? 

P. Thomas, Laboratory for Planetary Studies, Cornell University 

Morphologic, color, and photometric observations of different 
eolian features on Mars have provided new constraints on the present 
eolian sediment environments on Mars. 

Dust deposition . Color data indicate that simple two-component 
mixes of bright dust and "background" material describe several dust 
deposition regions: crater streaks, intra-crater bright deposits, 

trough and sheet streaks. Crater bright streaks in widely scattered 
areas of Mars have maximum dust coverage of 10-20% (area), regardless of 
the type of substrate; intra-crater deposits have 30-50% coverage; and 
sheet streaks have 20-30% cover of dust. The bright margins of some 
dark streaks in Oxia Pal us appear to be mixes of dust and the exterior 
material. The amount of dust cover in all these features should be less 
than 10“ 3 g/cm2, by comparing the experimental data of Wells 
(1982). Some dust deposition features end abruptly near their apparent 
sources. From this relation it is inferred that once entrained this 
dust was rapidly redeposited and had settling rates of particles greater 
than 10 urn in diameter. 

Dune and crater splotch activity . Color and morphologic data 
indicate tfiat dark streaks originating at splotches and dunes have 
complex and variable mixtures of materials (Fig. 1). Although some of 
these streaks appear to be simple mixtures of dune material and sur- 
rounding plains material, most are complex assemblages of it least three 
materials. Only a small amount of dune material is present in most 
streaks. The bright margins are time variable and represent dust redis- 
tributed by activity within the streak; they are not directly related to 
Che bright deposits in the source craters. The craters in Oxia Palus 
encompass five separate sedimentary systems: (1) bright intra- 
crater dust deposition, (2) activity of splotches and dunes, (3) erosion 
of older crater fill, (4) activity in dark streaks, (5) dust deposition 
and erosiori at streak margins. Although the color data show little if 
any dust can reside on the dunes, activity of these deposits need only 
be on the order of 0.2 cm^/an/y in order to inject a loose surficial 
layer of dust into suspension. Such low rates would imply rates of 
motion of dunes of only cm/103 yr. The presumed activity within the 
dark streaks may imply slightly higher minimum rates, but under any 
circumstance, they do not have to be high by terrestrial standards. 

The shapes and sizes of dark "depositional " streaks in several 
areas of Mars suggest that their forms are controlled by regional 
meteorology or regional history, rather than strictly by dune size, 
crater size or the dimensions of the dune field. The dunes, however, 
occur preferentially in craters that show significant erosion of flat- 
lying intracrater deposits. 

Dark dunes in most areas of Mars appear similar in color; splotches 
that are well resolved into non-dune flat areas are brighter and 
redder than those resolved into dunes. Within any one region, however, 
dunes and splotches make coherent mixes of colors, with dunes being the 
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dark, bluer end member (Fig. 1). A striking result of the global 
mapping has been the association of dune fields with areas of both 
reversing winds and thick, regional dust(?) deposits (Thomas, 1982): The 
polar dunes are associated with reversing winds and polar layered 
deposits, Oxia and Hellespontus dunes are associated with both 
intracrater deposits and nearby regional dust(?) deposits (Arabia; 
Hellas). The ephemeral nature of most present dust deposition, and the 
rapid sorting of dust and sand, imply that conditions leading to 
deposition of the large sediment deposits on Mars are incompletely 
represented by some of the contemporary, smal ler-scale phenomena. 

This research is supported by NASA Grant NAGW-111. 
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Fig. 1. Example of color groupings of streaks and splotches in Oxia 
Pal us region. Although the streak lies between the dunes 
and plains, it is not a continuous mixing line. The bright 
margins, however, do show a continuous mixing with tlie 
plains material. Patterns of colors in other Oxia Palus 
streaks have all or part of this pattern; some shew direct 
mixing of plains and splotches. 


192 



Aspects of the aeollan dynamic in the northern circumpolar sand sea of 
Mars. 

M. MAINGUET and C, M)REAU, Laboratoire de Gfiographie Physique Zonale, 
Universite de Reims, France. 

The satellite images of Orbiters 1 and 2 (Viking Mission) revealed the 
existence of a circumpolaur sand sea of 700 000 kn^ (1) (2) (3) around 
the northern pole of the planet Mais. The sand sheet of this continuous 
sand sea becomes thinner between 30* and 70* W. A cleissification of dunes 
and their dynamical meaning will be exposed. 


I- The different types of dunes - More than 90 % of this sand sea is 
composed of transverse edifices which are isolated or grouped in chains 
of barchanic edifices. Their form is original on Mars, more ovoid shaped 
than on the Earth. 


HARS . IS 56B21- 

(>rrt.9>*Q) 

CL=b:J^5 




Tfegge . ftCFse 51- 
h£ 33. >^''1 
h-! 434-435 


CL 


= bxi 


b b = width of the body (up and downwind slopes) 

“a a = distance between the two wings 

For the martian barchan : a = b : 1*5 

For the terrestrial barchan : a s b x 2 

So D Earth < D Mars. 

Average width b (Mars) = 250 m, for mega barchan B (Mars) » 4 000 m. 

The distance ft'om the polar ice-cap is never less than 100 km. 

The isolated barchanic edifices, just like those of the Earth, are on the 
edge of the sand sea. They eure also organized fn chain "rempart" or in 
collective barchanic chains. The last transverse edifices are transverse 
chains : less frequent and ever located in the Chasma, 

The second category is the linear dunes (seif type). Their existence is 
limited to the regions where the Ghasmas arrive in the sand sea, probably 
where the wind regim is of two main wind directions : one from the Chasma 
and the general wind direction in the circumpolar sand sea. 

Less frequent category of dunes is so called "erosional dunes" of sand- 
ridge type. These dunes are limited to a very small region (155* W to 
210® E' and superimposed on transverse chains. This type of dune exists on 
Earth when the sand exportation is more important than importation (4). 

v>K.G:r:AL face 13 
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U- Dynamical interpretation - The majority of transverse edifices is a 
good indication of the phase of increasing sand deposits. The very few 
lonr.itudinal dunes are the only indicator of a starting negative sand 
supply. The heavier form of the barchanic edifices can drive to the hypo- 
thesis of less dune movement than on the Earth. 

Three main directions of wind were detected : 1- the general circulation 
in the sand sea in a counter- clocks wise direction, 2- fi?om the North to 
the South as in the Sahara. (5) in the Chasma where the wind direction is 
traced ft'om the direction of the Chasma. Or, better, the carving of the 
Chasma results dominantly ft'om wind action, 3- a circulation on the sou- 
thern sand sea border ft?om South to North before joining the general 
counterclock circulation. 

We propose the following hypothesis ; this sand sea is a young one with 
more sand au'riving than exported. The high amount of transverse edifices 
and their size Indicate a long phase of climatic stability with a positive 
sand supply. But this sand sea is undergoing an evolution as indicated by 
the appearance of sandridges. 
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SOIL HUMIDIFICATION AS A TRIGGER OF DUST STOBMS ON MARS 
R.L. Huguenin and S.M. Clifford, Dept. Physics/Astronony, 
Hasbrouck Lab, UMassachusetts , Amherst, MA 01003 


One of the most striking dynamical phenomena on Mars is the equa- 
torial dust storm. They have occurred nearly every Martian year since 
observational records have been kept. The major storms have developed 
preferentially near perihelion. They have also appeared at certain speci- 
fic locales on the planet. Initial plumes appeared suddenly, often by 
dawn, extending several hundred kilometers across in regions that were 
clear the previous days. Frequently the major storms initiated with 
brilliant white plumes that later turned yellow. 

What triggers these equatorial storms? A prevailing idea is that 
dust might be raised by saltation Impact of sand grains ('V'lbOym) . Threshold 
saltation velocities were estimated to be 50 i 25ms~l (1), which are some- 
what higher than observed wind velocities. Hourly averaged wind speeds 
at the Viking lander sites around the onsets of the 1977 storms, for 
example, were 17.7 ms~^ (VLl) and 13.6 ms**!^ (VL2), with gtists to 26 ms~l (2). 
Similar wind velocities were deduced from Viking IRTM observations of 
appareiiw plume velocities at the storm sites (3). It has been proposed 
that combinations of regional topography and insolation-induced modifications 
of thermal gradient may produce high enough local turbulance to raise the 
dust (e.g. 3,4). That high enough wind speeds could be generated has 
been questioned, however (5). In addition, the saltation models do not 
adequately explain the appearance of plumes by dawn on Day 1 of the storms. 
They predict Instead that the onset cf activity should occur closer to 
midday during peak insolation and maximum prevailing winds. Furthermore, 
there is inadequate agreement between the regions of predicted highest 
L,urface velocities and the observed sites of dust plume generation (6). 
Finally, the color change from an initial white plume to yellow is not 
explained by the saltation models. 

An alternative dust injection hypothesis was proposed by Johnson et al 
(7). It was argued from laboratory data that solar heating rates of 
'V-50O hr" I could produce a rapid desorption of gas within the upper few cm. 
Subsurface pressures could build to the point that the surface could ex- 
plosively rupture, injecting dust into the atmosphere. Gas jets could also 
develop along microfissures in the dust layer, according to the model, that 
could raise additional dust into the atmosphere. A modification of the 
Johnson et al model has been proposed by Huguenin et al (8,9), and Greeley 
and Leach (5). It was argued by Huguenin et al that if the soils contained 
adsorbed H 2 O as well as CO 2 , 4 times as much gas (12 mg cm~2 CO 2 36mg 
cm"^ H 2 O) might be desorbed during the diurnal heating cycle. As a result 
the heating rate could be 4 times lower ('V' 13<> hr~l) and release the same 
amount of gas as in the Johnson et al experiments. The heating rates are 
close to the observed average heating rates near perihelion at the Southern 
hemisphere dust storm sites 15o hr"l); consequently it was proposed 
that dust storms may initiate at those sites due to enhanced levels of 
adsorbed H 2 O in the soils there. Greeley and Leach presented bell jar and 
wind tunnel experi'^nts chat supported this model, and they showed that the 
presence of adsorbeu H 2 O could act to reduce the threshold velocity for 
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saltation. 

The role that H2O plays In triggering the equatorial stoma may be 
even more direct. A phenomenon was observed during the Viking Gas Ex- 
change experiments on Mars that suggests that H2O may produce a catastro- 
phic desorption of gas from the soil under appropriate conditions. Such 
conditions could develop around perihelion on Mars, and It Is possible 
that this phenomenon may trigger some of the storms. In particular, when 
samples of Msrtian soil were humidified In the GEx test cells, there were 
sudden and spontaneous releases of gas from the samples. Over 9600 nmol 
of gas was released per gram of sample, and most was generated within 
the first few hours (10). All gases, with the exception of some of the 
O2, were derived from adsorbed atmospheric constituents (10). While moat 
attention has focused on the unusual production of O2 during the GEx 
experiments, the explosive release :>f adsorbed gases by simple humidifica- 
tion was spectacular. 

It has been proposed that the mechanism for driving off the adsorbed 
gas was base hydrolysis (11), whereby adsorbed gases were replaced by the 
H2O. This Is a common reaction, but not with the Intensity that occurred 
during the GEx experiment. The difference In Intensity can be attributed 
to the apparently highly desslcated state of the Martian soils, revealed 
in part by near-IR telescope stectra (12). At the low Martian surface 
temperatures, H2O Is more stable as Ice than as adsorbed H2O and mlnlmr.l 
H2O (less than 1 monolayer equivalent) would exist in the adsorbed 
state (13). The Ice Is unstable In the regions where the equatorial storms 
occur (14), and hence the soils are highly desiccated. When these soils 
were exposed to H2O vapor at 5°C during the GEx experiment, the H2O 
would be expected to spontaneously replace the adsorbed gases. With such 
a small I'ractloi. of the adsorbed species being. H2O, the Intensity of the 
GEx desorption reaction can be explained. If the soils on Mars were 
similarly humidified by some means, a similar desorption reaction could 
conceivably occur. 

We have recently reported evidence for H2O vapor source regions on 
Mars (15), and It was noted that the outgasslng activity peaked during 
the perihelia dust storm periods. It was argued that seasonal melting 
of ground Ice within the upper meter of soil possibly occurs during this 
period (IS). If true, the melted Ice would tend to migrate upward into 
the dry overburden and dampen the soil. This would provide a similar 
condition to that which drove off adsorbed gases during the GEx experiment. 

If It Is assumed that: 1) humidification during the melting event 
can drive off adsorbed gases to the same extent (''' 9600nmol g”^) as In the 
GEx experiment: 2) soil porosities In the surface layer ate 'V' 0.5: 3) soil 
temperatures are 0 -5°C: and 4) that the escape of gas Is diffusion- 
inhibited, as- discussed by Farmer (14), Bernoulli's equation Indicates 
that pore-space pressures of up to 0.4 atmosphere could develop. Escape 
velocities of up to 450m/s could develop along mlcroflssures In the soil. 
These pressures and jetting velocities would be more than adequate to inject 
dust Into the atmosphere. Indeed a mini dust storm event Inside the GEx 
chamber may have produced the clogging of the drain line, as discussed by 
Huguenin (16). 

In addition to providing a mechanism for raising dust on Mars, the 
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soil huinldiflcatlon/desorptlon model could explain some other duet atorm 
characteristics. Firstly, the high Initial moisture contents of the 
escaping vapor could explain the white coloration of the Initial plumes. 
Secondly, the onsets by dawn could be accounted for. In particular, the 
events would be triggered by seasonal warming of the soil to the melting 
point of ice. During the cold nighttime and early morning hours escaping 
H 2 O vapor would be expected to freeze out near the surface. This could 
form barriers along the microfissures and pores that would inhibit the rate 
of outgasslng, and it could conceivably permit pressures to build and 
result in explosive outgasslng/dust Injection events. Thirdly, the 
model could account for the repeated occurrences of the storm events at 
certain specific locales. Indeed, the primary storm sites coincide with 
the three sites where H 2 O outgasslng repeatedly occurs (IS). 
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HARS VALLEY NRTVORKS AS INDICATORS OF FORMER CLIMATIC 
CONDITIONS. 

Michael H. Carr, U.S. Geological Survey, Menlo Park, CA 

The presence of fluvial features on the martian surface is 
commonly cited as evidence for different climatic conditions in 
Mars' past. This paper is a progress report on work to sssess 
more precisely what the presence of channels implies about past 
martian climates. 

Mars has two main types of channels, outflow channels and 
runoff channels (valley networks). The outflow channels sre 
commonly believed to have formed by 1 oods with high discharge 
rates and short durations (e.g. Milton, 1973, Baker and Milton, 
1974). Large floods would undergo Insignif leant losses by 
freezing, evaporation, and sublimation, even on the Moon 
(Llngenf elter et al., 1968), and thus could probably carve the 
large martian outflow channels under present climatic 
conditions. The conditions under which the branching valleys 
could form are, however, more problematic. The valleys appear 
to result from slow, sustained erosion by screams of modeet 
discharge, much like terrestrial valleys (Fieri, 1976). Such 
streams would freeze faster than the large floods, id the 
question arises whether they could accomplish a significant 
amount of erosion before freezing. The object of the work 
reported here is to determine the conditions under which small 
streams could form and survive on the martian surface to cut the 
observed channels. The problem falls naturally into two 
parts. The first is to determine how long a stream of a given 
discharge will flow before it freezes. The second part of the 
pr :>blem is to determine how such a stream could originate. 
Significant progress has been made only on the first part of the 
problem . 

Freezing rates of martian streams were calculated for 
various surface temperatures and pressures. The calculations 
are similar to those of Wallace and Sagan (1979) but differ in 
several important respects as elaborated on below. A range of 
atmospheric pressures was considered, and the surface 
temperatures appropriate to each pressure were derived from the 
atmospheric models of Pollack (1979), Toon et al . (1980) and 
Hoffert et al., (1981). Following Wallace and Sagan (1979) and 
Colbert (1980), it was assumed that on any body of water a thin 
ice cover will form. Under given conditions of atmospheric 
te’«perature , pressure, and wind velocity, the energy budget at 
th«i ice-atmosphere interfaces esn he calculated. The upper 
surface of the ice recieves direct solar radiation in the 
visible, infrared radiation mostly from the atmosphere, and heat 
conducted upward through the ice. The incoming energy is 
balanced by heat reradlated at the surface t£mperature of the 
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ice and heat lost through aubllmation. Heat may be also lost 
or gained by conduction to the atmosphere and convection 
depending on the relative temperatures of the ice and air at the 
surface • 

The first step in the calculation Is Co deterolne Che 
temperature of the Ice surface at which the energy inflow and 
outflow are equal. Once this surface temperature Is known, then 
heat lost by conduction from the ice>wat r Interface can be 
calculated, and because this heat loss Is balanced by radiation 
penetrating the Ice and by the latent heat of fuelon released by 
freetlng, the rate of freezing can be calculated. The Ice is 
appropriately thickened for the time interval under 
consideration and the calculations repeated. In this way the 
growth of ice on a stream can be tracked over a wide range uf 
climatic conditions. 

The most complex part of the problem Is calculation of the 
surface temperature of the Ice. The calculations here differ 
from those of Wallace and Sagan (1979) as follows: (1) 

Radiation In the visible and infrared are treated separately; 

(2) empirical extinction coefficients are used to calculate 
absorption of the visible radiation by the Ice (Wallace and 
Sagan assumed that a fixed fraction was absorbed); and (3) a 
conduction term Is Introduced to account for the heat lose or 
gained b. the Ice through conduction to or from the 
atmosphere. The method used here to calculate conduction is 
similar to that used by Glerasch and Toon (1973). In the 
initial calculations, the infrared flux was derived from the 
differences between the surface temperatures predicted from the 
various atmospheric models and those that would prevail with no 
atmosphere. A more refined method of estimating the infrared 
flux Is reported on elsewhere In this volume (Clow, 1982). 
Sublimation rates were calculated by a method Identical to that 
used by Wallace and Sagan. The estimate' of the freezing rate 
were tested against known freezing rates at two localities In 
Alaska and predictions were within 30 percent of the observed 
rates . 

The results Indicate that freetlng rates are relatively 
Insensitive to climatic conditions. For example, for the model 
atmosphere of Hoffert et al. (1981), and a frictional wind 
velocity of 100 cm/s, and an Ice albedo in the visible of 0.8, a 
standing body of water 1 meter deep will take 18 days to freeze 
on Mars at an atmospheric pressure of 10 mb. Under a pressure 
of 300 mb it will take 42 days to freeze. Freezing of a stream 
would be slower because of frictional heating. The freezing 
rates are slow compared with flow velocities ot streamds. 

During 18 days a stream Initially 1 meter deep could travel 300- 
2,000 km for a plausible range of slopes (Komar, 1979). Thus It 
appears that If flow can be Initialized then even the valley 
networks could form under climatic conditions similar to those 
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that currantly prevail* 

The aain difficulty la Initiating the flow. If the 
channeia are cut entirely by sapping (Fieri. I960) then aurface 
flow Is Initiated alaply by leakage from the groundwater ayatea 
and cllaatlc constraints on formation of the valleys are 
loose. On the other hand. If the streaas form by surface 
runoff, such as by melting of surface Ice. then the climatic 
constraints on their formation are likely to be severe. The 
specific conditions under which streams could be Initiated by 
runoff are currently being Investigated. 
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VALLEY NETWORKS ON MARS: MAPPING AND MORPHOGENESIS 
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Victor B. Baker, Department of Geosciences, University of Arizona, Tucson, 
Arizona 85721; G. Robert Brakenridge, Department of Earth Sciences, 
Dartmouth College, Hanover, New Hampshire 03755; R. Craig Kochel, 
Department of Environmental Sciences, Clark Hall, University of Virginia, 
Charlottesville, Virginia 22903 


Geomorphic mapping of valley networks in the heavily cratered terrains 
of Mars (Figures and 2) has revealed a complex history of valley morpho- 
genesis. The valleys show prominent local structural control by 
lineaments, anastomosing reaches, local zones of relatively high drainage 
density, unusual widening and narrowing, and very indistinct sink relation- 
ships. 

Many areas show a very complex history that involved valley develop- 
ment over a long time span marked by continued impact cratering. 

Deposit ional phases followed by exhumation phases may be required to 
explain inverted topography in network systems such as Auqakuh Vallis 
(Figure 2). The valleys also appear to have been extensively modified by 
mass movement, thermokarst ic , and eolian processes. 

Valleys of the Aeolis region (Figure 1) are developed in the Cratered 
Plateau Material mapped by Scott and others (1978). Flow is directed down 
the regional topographic gradient, here estimated at 0.5 to 1 m/km (U.S. 
Geological Survey, 1976). 

Auqakuh Vallis (Figure 2) is developed in a layered plateau material 
that thickly mantles an older densely cratered surface. Large craters have 
been extensively reduced to subcircular depressions by burial. High- 
resolution Viking pictures reveal an intricate landscape of mesas, 
scalloped valley sides, pitting, and "inverted** topography. 

Past statements concerning the paleoenvironmental significance of 
valley networks on Mars have heretofore been generalized and *>r restricted 
to a few special cases (e.g. Baker, 1972; Mars Channel Workii Group, in 
press). However, the developing body of detailed morphogenetic mapping 
studies of individual network systems is now providing new data with which 
to assess this important, but difficult problem. Future work needs to con- 
centrate on a synthesis of descriptions, genetic models, and large-scale 
implications similar to that achieved for studies of the outflow channels. 
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Figure 1. Large— .cile geomorpliic map of a valley network on the Aeolis 
Quadrangle at 14* S, 206*W. Valleys trend to the NE from the heavily 
cratered uplands toward Elysium Planitia. 
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ANCIENT FLUVIAL DRAINAGE SYSTEMS: MAR6ARITIFER SINUS AREA, MARS 

BOOTHROYD, Jon C. , Dept, of Geology, Univ. of Rhode Island, Kingston, 

RI 02881 

Stereo pairs of Viking Orbiter images have been used to map fluvial drain- 
age systems in the west central area of the Margaritifer Sinus Quadrangle 
(MC-19) ^Fig. 1) and in the northernmost part of the Argyre Quadrangle 
(MC-26), It is possible, with this technique, to determine drainage basin 
boundaries, to delineate source areas for small outflow channels, and to 
identify depositional basins. Preliminary studies indicate that some val- 
ley networks were tributary to old outflow channel system, or flowed into 
depositional basins formed in regional lows. Other networks show reactiva- 
tion after mantling by crater ejecta or presumed eolian material; still 
others have been beheaded by later development of chaotic terrain. These 
observations suggest that while some of the valley networks are very old, 
others were active during the time of formation of the large outflow chan- 
nels and chaotic terrain. 

The Ladon Valles drairage system occupies the largest segment of the area 
mapped to date, with a source area to the northeast of the crater Holden, 
an array of outflow channels (Ladon Valles proper), and a probable deposi- 
tional basin northwest of Ladon Valles. The Ladon system may be part of 
an older Uzboi -Hoi den-Ladon system as reported by Fieri (1980). The 
Ladon drainage continues northward to the presumed depositional plain in- 
side an older, highly degraded, multi-ringed basin, the boundaries of which 
were mapped by Saunders (1979) and discussed by Schultz and Glicken (1979). 
Figure 2 illustrates the structural control imparted to the Ladon Valles 
drainage course by another old-basin margin (Pieri and Parker, 1981), as 
well as a valley network draining toward the depositional basin. 

riany workers, including Pieri (1980) and Carr (1980), consider the valley 
networks to be very old, whereas outflow channels may have spanned a 
considerable period of martian history (Masursky et al., 1977). However, 
the period of valley network formation is quite complex and is interwoven, 
in part, with the development of chaotic terrain and outflow channels. 
Figure 3 shows several old stem valleys adjacent to fresher appearing 
valleys and a small, unnamed outflow channel. Stereo mapping together 
with earth-based radar profiles (Downs et al., 1978; Roth et al., 1980), 
indicate that the paleoslope was away from Eos chasma to a depositional 
area now exhibiting chaotic collapse. The drainage is, in effect be- 
headed. In addition, the Osuga Valley outflow channel (Fig. 3) cuts 
through a substantial ridge which may have been actively growing during 
formation of the channel system. 
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Figure 1. Topographic map of part of the Hargarltifer Sinus quadrangle (USGS 
1976) with superimposed drainage basins determined by mapping using Viking 
Orb iter stereo pairs of images. Arrows indicate presumed direction of 
fluvial transport. 








:;?t5-Sd\lt?Ur TSrcritir Holden (HM 
older through-going drainage from the south (611A30, 650A18.19). 



riyun; o, Hrea souineast or tos cnasma centered on 13S, 38W. Degraded 
stem valleys are adjacent to fresher valleys and an unnamed outflow 
channel [ton right). Paleoslope is from left to right. Osuga Valles 
(lower left) flowed north east through a ridged area into the deoosi- 
tional basin (365S84). 
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CHANNEL DEPOSITS ON MARS 

Moore, H. J., U«S. Geological Survey, Menlo Park, CA 94025 

A aearch of Viking Orblter photographa has revealed that soae aartlan 
channels have associated deposits. The purpose of this abstract Is to 
make the existence and locations of these channel deposits known to other 
irorkers (Table 1) and to briefly describe them. 

The AiMsonls channel deposits apparently have not been recognised 
previously. Fluids that carved the channels originated sonewhere near the 
Equator from a vast expanse northwest of Apolllnares and then flowed 
northeastward, where well-defined broad channels occur (fig. 1). These 
well-defined broad channels with streamlined Islands can be traced north- 
eastward from 180*U., 10*N. , to 17S*H. , 12*-19*N., %rhere they become 
partly filled. The channels disappear and the deposits become 
progressively thicker and sx>re extensive to the northeast, where they 
terminate against mountains and as thick lobes and fronts. According to 
crater counts, these deposits may be younger than Olympus Mons. 

Table I. Locations of channels and channel deposits, crater ages of 
channels, and selected Viking Orblter picture frames. 


Channel 

Name 

Location of 
Channel(s) 

Location of Crater Age 

Deposits N/km^ (DM km) 

Selected Orblter 
Picture Frames 

Amasonls 

lO’N, 180‘’W 
20*N, 175*W 

20*N, 175*W 
29*N, 179*W 

8(±5)x10"5 

583A77-80,96 

545A41-46,22 

Elysium 

28*N, 230*W 
32*N, 236*W 

33*N, 237*W 
37*N, 246*W 

7(±3)xlO"^ 

612A44-S6, 21-24 
S38A11,13; 239S0 

Hrad 

34*N, 218*W 
4l*N, 230*W 

41*N, 230*W 
44*N, 240*W 

— 

009B1-60 

Kasel 

29*N, 71*W 

29.5*N, 71*W 

— 

555A10,12 

Mangala 

to south of 
deposits 

6*S, 145*W 
4*S, 151*W 

<7xl0“^ 

>5x10“^ 

460819-22 

458810-14 

459815-18 

454812-16 

Harmakhis 

39*S, 265*W 
43*S, 273*W 

39.5*S, 267*W 
41 .0*8, 268%’ 

— 

408874,76 

3298,3308,3638 

4068,4078 


213 



Elysium channel deposits could be extensive. Fluids that carved the 
channels probably Issued from huge, elongate chasms radial to Elysium Hons 
such as the one near 223”W., 26*N. Nearby narrow deep channels coalesce 
to form a wide channel that distributes near 232*U., 31**N. The southern 
branch of these distributary channels becomes progressively filled by 
deposits that appear to overflow the channel locally, but evidence for the 
channel persists to 242‘W., 37**N. The deposits terminate near 246*W., 
37*N., as abutments against higher terrane and as lobes and fronts. The 
crater-retention age of these deposits Is compatible with the age of the 
channels, according to my Interpretation of the counts of Carr and Clow 
(1981), l.e. I±0.8xl0”^ craters/km^. 

Dark deposits occur In and adjacent to Hrad Vallls south of the 
Viking Lander 2 site. In some places, the Hrad channels are filled with 
dcrk-appearlng material In varying amounts up to the point of overflowing; 
In other places, overflow Is Indicated by dark levees, dark lobes that 
extend away from Hrad, and dark marginal plains. Dark deposits that abut 
against and are superposed as a lobe on the ejecta of crater Chlncoteague 
appear to be related to the Hrad channel. In still other places, the Hrad 
channel appears to be free of deposits. 

Demonstrable deposits created by overflows of Kasel Vallls are 
scarce, If they exist at all. One possible example Is shown In picture 
frame 555A10, where thin lobes arid sheets can be traced away from an 
arcuate "bayou" of the northern edge of Kasel. These sheets and lobes may 
represent an overflow of sediment laden-fluids. Farther uprtream there 
are additional lobes that may be lavas from the general direction of 
Ascraeus Mons. Similar flow deposits may be present near the mouth of 
Joventa Chasma, near 58“ , 63“ , and 64“W., 5“N. 

Channel deposits occur at the mouths of the Mang^'*a Valles along with 
convincing examples of superposed lava flows. On the plains below the 
Mangala scarp, these smooth-appearing deposits have Irregular shallow 
rimless depressions and steep, In some places leveed, margins where they 
border the scarp and valley walls. Near 150“W. , 5“S., the smooth deposits 
can be traced upstream about 60 km; a second segment of the channel floor 
appears smooth ac far as 8“S. In some places, wide leveed channels can be 
traced to the scarp, where they narrow, and onto a fanllke structure at 
the base of the scarp, where they widen again. 

Deposits occur near the edge of the head of Harmakhls Vallls, where a 
partly leveed sheet, as much as 20 km wide, extends 50 km southward and 
narrows to 10 km. Other flowllke deposits, with flow units 10 km wide, 
converge from the east. 

The origins of the deposits are puzzling. The Intimate and grada- 
tional relation between the Amazonls channel and deposits. In combination 
with an absence of evidence for a volcanic source, suggest that the 
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deposits may be sedimentary — possibly mudflows or alluvial deposits 
peculiar to Mars. The same possibilities should be considered for the 
Elysium and Hrad channels, even though the source of the fluids and 
deposits appears to be the Elysium volcanic center. The deposits on the 
Mangala plains do not resemble the nearby lava flows from the Arsla 
region; perhaps the rimless depressions may be kettles and represent the 
sites of Ice that has vaporized. The deposits of Harmakhls could be mud- 
flow deposits (Munmedal and Prior, 1981) or even glaciers (Lucchltta and 
others, 1981). 

Whatever their possible origins, these deposits deserve further 
careful study. 
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Figure I. Map of Amazonls channel and deposltp 
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MEANDER RELICS: EVIDENCE OF EXTENSIVE FLOODING ON MARS 

David H. Scott - U.S. Geological Survey, Flagstaff, AZ 86001 

Many morphologic features whose fomiatlon Is commonly associated 
with running water also can be duplicated »y other processes. On Mars 
this ambiguity has caused some controversy over the formation of 
channels (1). Although most planetary Investigators now agree on the 
fluvial origin of the larger channels, there is less evidence and 
agreement on the extent of floodwaters Into the plains beyond the 
Immediate vicinity of channel mouths. Previous studies (2) Indicated 
that alluvial channels within the Chryse basin extended farther into the 
northern plains than had been mapped. This work was based primarily on 
the recognition of scour and depositional features associated with the 
rapid and turbulent flow of water; their identification did not extend 
much beyond lat 30® N. 

One characteristic that is probably unique to formation by running 
water is the meander pattern developed along the courses of mature 
streams and rivers. As rivers swing from side to side in flowing across 
their flood plains, meanders gradually migrate downstream as bends in 
their channels are eroded. Cutoffs are formed where erosion creates 
shorter courses, and eventually a pattern of abandoned meanders is 
marked by scars, scrolls, and oxbows on the flood plain. 

Relict crescentic depressions that are nearly identical both in 
shape and size to meander patterns of terrestrial streams occur in 
Chryse Planitia (Fig. 1). These postulated meander scars are especially 
well developed along the lower course of Ares Vail is, where they are 
confined within the sculptured banks of the main channel. However, the 
increasingly subdued shape downstream of the walls of the channel as the 
meander remnants become more conspicuous suggests that slope gradients 
had decreased sufficiently to allow a less turbulent type of discharge 
as floodwaters spread out over the plains. In places, these presumed 
meander loops appear to terminate near the valley walls, where they may 
have been covered by slump material or debris flows. Elsewhere within 
the Chryse-Acidal ia Planitia region, meander remnants have been buried 
more completely and do not show such wel 1 -developed forms. They 
generally can be recognized, however, by a narrow near-central ridge 
within the channel troughs, although such ridges do not occur in similar 
appearing crescentic troughs in the Cebrenia quadrangle (lat 45® N, long 
185®). The origin of these medial ridges is uncertain; they may 
represent coalesced point bars along the inside bends of meander 
channels or elongate sandbanks down the middle of the channels, where 
there is less bottom turbulence. On terrestrial flood plains, scroll- 
like patterns of ridges form wherf shifting of meander flow channels has 
occurred. 

It may also be that the channel ridges formed in a periglacial 
environment. Subsurface pore water migrates and accumulates mostly toward 
the lower-central part of an abandoned river channel. With decreasing 
temperatures after a warm period that induced flooding, encroaching 
permafrost would further concentrate the remaining pore water toward the 
channel center (Fig. 2). Eventual freezing and expansion of the water would 
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erosional forms (3). Diagrams b and c snoM confjguratio 
and Missisippi river at same scale; arrows show directio 
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create an ice-cored ridge along the valley floor beneath a cover of 
alluvium. Highly elongate pingrs occur in valley-floor sediment on Prince 
Patrick Island. Northwest Territories, Canada, where they may be related 
to freeze-thaw processes associated with invasion and retreat of the sea 
along low-lying areas (3). 

Whatever the origin of the martian ridges, they appear to be 
diagnostic of meander channels in this region and thus afford a means of 
identifying fluvial channels from troughs created by tectonic and other 
processes. Their recognition as far as lat 45* N. in Acidalia Planitia 
suggests that water flooding was pervasive in the northern plains. 
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SPECTRAL ANALYSES OF MEANDERING CHANNELS ON EARTH AND MARS 


Komar, Paul D., School of Oceanography, Oregon State University, 

Corvallis, Oregon 97331 

It is well established that the meandering characteristics of a river 
depend mainly on the discharge, several investigators having arrived at 
empirical relationships for the meander "wavelength" as a function of the 
discharge (Inglis, 1949; Leopold and Wolman, 1957; 1960; Dury, 1965; 
Carlston, 1965). The data upon which these relationships are based are 
highly scattered. Part of the reason for this may be the subjectivity 
of the measurement methods of the "wavelength" for a stretch of irregular 
river. According to Speight (1965; 1967), the traditional methods of 
measuring meander wavelengths are probably the most serious obstacle to 
progress in quantifying the meander relationships. This was a major 
factor in Speight's first turning to the spectral analysis approach in an 
attempt to obtain more reliable and repeatable evaluations of meander 
wavelengths. 

Speight (1965) focused on the Angabunga Rive** in New Guinea, a river 
which originates in a mountainous region where it is confined between 
rock walls but then passes through an alluvial plain where it has well 
developed meanders. Analyses were carried out for both courses. Speight 
(1967) continued the analysis of the Angabunga River, but also included 
a number of rivers in the Melbourne area of southern Australia in order 
to obtain data at different discharges. 

In these studies a stretch of river is first digitized at equal incre- 
ments of channel distance, the increment being on the order of twice the 
channel width. Rather than performing the spectral analyses directly on 
these measurements, due to the river doubling back it was instead necessary 
to analyze the angles made between successive segments of the river length. 
In spite of this the spectral analyses do yield evaluations in terms of 
wavelengths that dominate the "energy" or "intensity" of the meandering. 

All of the spectra obtained by Speight are complex with many peaks, 
the dominant peaks representing wavelengths considerably longer than thore 
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selected visually according to traditional approaches. The peaks in the 
spectra were found to be stable along the channel length, even up into 
the mountainous reaches where the channel would not normally be charac- 
terized as "meandering" although there was some tendency for organized 
irregularities. Speight was able to relate the wavelengths of the various 
peaks to the flow discharge, much as in the traditional analyses, but of 
course obtaining different relationships for the several peaks. His C 
peak, that with the third highest wavelength, corresponded most closely 
to the former empirical relationships such as that of Leopold and Wolman 
(1960). But in many cases this C peak appeared rather insignificant in 
the spectra in comparison with other peaks with greater energy. 

Subsequent investigations that have employed spectral analysis techni- 
ques to study channel meandering are those of Toebes and Chang (1967), 
Chang and Toebes (1970) and Ferguson (1975). The spectra obtained by 
Chang and Toebes are similar to those of Speight (1965), but they were 
able to discern an influence from the local geology and soils as well as 
from the flow discharge and channel slope. Ferguson (1975) anal'zed 
nineteen rivers in Britain. First performing spectral analyses on the 
angle changes as did Speight (1965), Ferguson did not obtain significant 
polymodal spectra as did Speight, attributing this to the complete 
dominance by high or infinite wavelengths caused by valley bends (which 
he did not filter out). Ferguson obtained improved spectra and better 
wavelength estimates by analyzing directional changes of the meandering 
channels, the differences between successive angles of channel directions 
rather than the angles themselves. This improvement results mainly from 
the new analysis approach eliminating the effects of large valley bends. 
However, the wavelengths obtained are still substantially larger than 
those determined by the traditional methods. Ferguson did find that the 
wavelength estimates correlated well with channel widths and river dis- 
charges, but were apparently unaffected by other variables. 

These few studies using spectral analysis techniques to investigate 
channel meandering have left many issues unresolved. In some cases they 
even conflict in their final conclusions. Yet clearly the approach has 
promise, not only for the more rational selection of meander wavelengths 


220 



OR’iCNAL PACi l5> 

OF POOR QUALITY 


but also as a tool for more fully investigating meander properties. It 
was for this reason that the present investigation was begun. At present 
I am still in the initial stages of the study, examining the usefulness 
of filtering to remove the longer wavelengths and testing whether maximum 
entropy power spectrum methods will provide better results than Fourier 
analysis. My analyses to date have focused on the terrestrial rivers 
utilized by Leopold and Wolman (1957, 1960) in their classic examination 
of channel meandering. Their data form the basis of most of the standard 
empi'.'ical relationships for channel meandering, yet it is somewhat 
inconsistent with other data sets, so that it will be worthwhile to 
reexamine those rivers utilizing refined techniques. Once this has been 
accomplished and I feel more confident about our analysis procedures, 
and hopefully have learned more about the spectral characteristics of 
terrestrial rivers, I then plan to turn to the martian channels in an 
attempt to obtain quantitative comparisons with the terrestrial systems. 
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FLUME EXPERIMENTS ON THE FORMATION OF STREAMLINED ISLANDS 


Komar, Paul 0., School o<" Oceanography, Oregon State University, 

Corvallis, Oregon 97331 

Streamlined islands in rivers and comparable landforms in the Channeled 
Scabland of Waslungton and in the outflow channels on Mars have shape? 
that are closely similar to symmtirical airfoils with length to width 
(L/W) ratios of 3 to 4 on average (Baker, 1979; Baker a ;d Kochel ’''79; 
Komar, 1981). Direct comparisons with drag n\easu.c ‘.nUs on airfoils have 
shown that these average L/W values correspond closely to the shape 
having the minimum total drag or resistance to the flowing fluid eroding 
the landforms (Komar, 1981; in review). 

A series of flume experiments have been completed with model islands 
to examine how the prototypes achieved their streamlined shapes. The 
models were composed of mixtures of medium- grained sand with just enough 
clay to provide cohesive strength. In imist of the experiments the islands 
initially were given a circular shape of about IS cm diameter. A few 
experiments involved highly elongated islands with large initial length 
to width ratios. The experiments were conducted in the 7.6 meter long, 

50 cm wide flume at Oregon State University. 

One main variation between different experimental runs involved the 
flow depth in comparison with the island height. Evidence from the 
Channeled Scabland islands and those in the Martian outflow channels 
indicates that some islands were fully submerged during formation while 
others extended above the water surface, lor this reason, the present 
experiments included runs for both conditions. Otherwise the main 
variable between runs was the flow discharge. 

The figure illustrates the results obtained when the water depth was 
the same or slightly less than the initial island height. The discharge 
increases from left to right in the diagram, the vertical giving a time 
seguence of changes for each experiment. The discharge increase also 
represents a progressive increase in the island Reynolds number Re and 
the flow froude number Fr, values being given in the figure. In this 
series of experiments the deveUHxm'nt of the streamlined form is due more 
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STREAMLINED ISLAND MODELS 


Q = 816 cm^ / sec 

Re = 1.2 X lO"* 

Fr * 0,33 


Q = 2,517 cm^/sec 
Re = 2.2x10^ 

Fr = 0.34 



Q * 4,119 cm^ /sec 
Re = 4.4 X 10^ 

Fr = 0.47 



to deposition in the island's wake than to island erosion. This is 
especially the case at the lower discharges where the deposited sand 
completely filled in the wake region. At the intermediate discharge a 
strong V-wave in the island's lee diverted the sand movement, producing 
a rather unusual depositional pattern (see figure). At the same time, 
more intense oblique waves formed on the island's flanks and these 
became significant in eroding the island, the positions where these 
waves "attach" to the island being the focal points of maximum erosion. 
At the highest discharge these oblique waves were able to erode the 
island down to a streamlined shape, whereas the lee waves became less 
effective in diverting the sand movement. In these experiments notches 
tended to form at the "attachment" points of the oblique waves. I have 
been unable to conclusively identify such notches on the streamlined 
islands in the Channeled Scabland and in the Martian outflow channels. 

The ptocesses of streamlining are more effective and rapid if the 
island is slightly submerged, the water depth being just sufficient to 
"top" the island. Under such a circumstance the flow becomes 
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supercritical over the island due to the low flow depths and high 
velocities, producing a hydraulic jump along the island's lee. The 
hydraulic jump combines with the still-present oblique waves on the 
island's flanks to quickly erode away the sides and shape the lee into 
a point. The modification of the island form is at first very rapid, 
but as it approaches a streamlined shape the erosion rate declines so 
that the streamlined island can persist for a considerable time. At 
this stage the model island looks much like a miniature island from the 
Channeled Scabland, having length to width ratios in the range 2.4 to 3.0 
In some of the experiments the oblique waves tended to focus the flow 
coming over the top of the island, producing a cross-over channel compar- 
able to those described by Baker (1978) on the streamlined islands in the 
Channeled Scabland and also observed on islands in active rivers. 
Therefore, with the model islands only slightly submerged, in addition 
to developing good streamlining, they also duplicate other features seen 
on prototype streamlined islands. 
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Alan D. Howard and Charles McLane, Department of E^nvlronmental 
Sciences, University of Virginia, Charlottesville, VA 22903 

The role of groundwater sapping In the development of valley 
networks on Earth and Mars Is being studied by a combination 
of experimental, theoretical, and simulation approaches! 

Flow tank experiments t Extensive experiments have been conducted 
in a narrow groundwater flow tank of sapping processes In fine-grained 
sediments. A theoretical model of conditions for Initiation of 
sapping erosion has been developed (Howard and HcLane, 198^). 

Three zones occur in the flow tank experiments! 1) an interior zone 
with groundwater flow through the sediment with negligible erosion; 

2) the sapping face, where a combination of gravitational forces and 
flow forces due to emergent groundwater control the rate of sapping; 
and 3) Bi zone of fluvial transport of sediment derived from the sapping 
face and channel bed eirosion (Figure 1). The last two zones intergrade. 
Experiments to date indicate the following relationships among flow, 
geometric, and sapping-rate parameters! 

q = sediment outflow (g/s) 

q = discharge (g/s) 

V = water viscosity (g/(s cm)) 

S = channel gradient (Fig. 1) 

1 = groundwater gradient (Fig. 1) 

f = form ratio (Fig. 1) 

2 

R = proportion of variance explained 

.32 .56 -.25 

qoc i f V 

1.09 2.19 

q^ ot (i - i ) S , where i = 0.08 
S C c 

-.79 .29 

S^q q^ 


R^=0.5 

R^=.70 

R^=.70 


Ihese experiments confirm the linear relationship between 
sapping rate and the excess hydraulic gradient (i-i.) reported 
previously (Howard and McLane, 1981)* Additional experiments now 
underway are investigating the effects of particle grain size and 
sorting upon these relationships. 

Numerical modelling of flow conditions ! Two characteristics of 
our experiments make numerical simulation of the flow conditions 
near the sapping face essential. Firstly, the sapping rates are 
determined by flow conditions at the sapping face, which can be 
considerably different than the overall flow gradients. Secondly, 
because of the interaction between channel and sapping processes, 
the experiments are inherently transient. Finite -element groundwater 
flow models aze being used to calculate the detailed flow net and 
are being compared with extensive piezometric measurements made 
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during the experlaents. 

Analogue experinents i A eeries of experiments on valley development 
will he conducted In a small chamhv (about 1' x 4* x4') under a 
wide-range of boundary conditions , wltii a wide range of materials, 
and with additional processes considered, £'ich as freeee-thaw. These 
experlaents will be a contimiatlon of those already conducted by Craig 
Kochel (this volume) and will be made In collaboration with Mr. Kochel. 
These experiments will Investigate the effects of such factors as 
wide variations In flow gradients, substrate Inhomogeneitles (such as 
layering and simulated craters), and freeze-thaw effects upon valley 
network geometry developed by sapping. 

Simulation modelling t Sapping processes are presumed to lead to 
developnent of dendritic valley networks by a process of "groundwater 
capture" In which an extending network gains a competitive advantage 
by virtue of the hlgh-gradlent flow path to the head of the eroding 
stream. The flow-tank experiments reported above demonstrate the 
competitive advantage of sapping faces with short flow paths (high 
hydraulic gradients). This process should be aunenable to simulation 
modelling, and such a model is presently being developed. Ihe experiments 
In non-coheslve sediments will serve as a test of the model, which cem 
then be extended to arbitrary flow geometries and for different assumed 
processes of groundwater sapping to Investigate their effects upon 
valley development. 
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SURFACE CHANNEL NETWORKS DEVELOPED BY GROUNDWATER SAPPING IN A 
LABORATORY MODEL: ANALOGY TO SAPPING CHANNELS ON MARS 
R. Craig Kochel, Department of Environmental Sciences^ 
University of Virginia, Charlottesville, VA 22903, Victor R. 
Baker, Department of Geosciences, University of Arizona, 
Tucson, AZ 85721, David W. Simmons and Carl J. Lis, Department 
of Geology, State University College, Fredonia, NY 14063 

Crudely dendritic channel networks in many areas of Mars 
have been interpreted as having been produced by groundwater 
sapping processes. Investigations of the morphology of 
terrestrial channel networks created by groundwater sapping 
processes is limited because of modification of these systems 
by overland flow. Howard and McLane (1981) discussed 
groundwater flow theory applied to a two-dimensional model. 
Our experiments with a three-dimensional sapping chamber were 
designed to empirically investigate valley morphometry in 
channel systems formed by groundwater sapping and compare 
these to presumed sapping networks developed on Mars. 

A mixture of 90% 2.250 fine sand and coal fly ash was 
used as a sedimentary medium in a sapping box constructed from 
marine plywood and sealed with roofing tar (Fig. 1). A 
constant head was maintained throughout the experimental runs 
by using a recervoir in the rear of the tank (Fig. 1) . Before 
each of 23 runs the box was drained, regraded, and a new slope 
recorded. Time zero was taken as the time when sapping was 
first observed at the surface somewhere along the slope. Once 
channels were initiated headward and lateral extension 
occurred by sapping at the base of channel walls and 
subsequent collapse. The average duration of sapping runs was 
about 100 minutes. 

In most cases an initial escarpment of 2 to 5 cm was cut 
near the slope base prior to the run. Once sapping was 
initiated a period of rapid escarpment retreat and channel 
extension occurred for 15 to 60 minutes (F.'g. 2). After the 
adjustment period, sapping processes caused oscarpment retreat 
by slumping but at a much reduced rate (Fig. 2). Major 
sapping channels formed with regular inter-channel spacing. 
Channels enlarged most rapidly in the reentrant areas of major 
escarpment slumps where subsurface flows bacame concentrated. 
Channel bifurcation occurred and tributaries appeared to 
extend headwardly at similar rates (Fig. 2) . Subsurface 
piracy was common (Fig 2, Run 16) during later stages of 
network development. The channels formed were steep-sided, 
flat-floored, and terminated in blunt, amphitheater heads 
similar to presumed sapping channels on Mars. Temporal and 
spatial development of sapping channel networks was recorded 
by tracing channel patterns at selected time intervals on a 
transparent frame mounted above the sand surface (Fig. 2). 

Morphometric parameters were calculated for 69 channel 
networks formed in the sapping box and compared to 70 sapping 
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Figure 2. Examples of surface channel patterns developed by 
groundwater sapping in the sapping box. Numbers indicate time 
in minutes from the onset of sapping at the surface. 
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channel networks observed in Viking imagery of the Valles 
Marineris and western Kasei Vallis regions of Mars (Table 1) . 

TABLE 1 MORPHOMETRIC PARAMETERS OF SAPPING VALLEYS 
MEANS OF LINEAR MORPHOMETRIC PARAMETERS 
n Channel Shreve Bifurca- Inter- 
samples Length Magn. tion Ratio, channel Ratio 

1:2 1:3 2:3 

SAPPING BOX 69 1.13 1.36 1.20 4.45 2.28 60 

MARS 70 1.35 1.69 1.18 4.89 3.32 64 

MEANS OF AREAL MORPHOMETRIC PARAMETERS 
n First Order Shape Drainage Junction 

samples Frequency k Density Angles 

SAPPING BOX 69 0.05/cm* 2.18 0.27cm/cm‘^ 42.3'" 

MARS 70 O.Ol/km^ 2.12 0.15km/km=* 51.3^ 


Space limitations preclude a detailed discussion of the 
comparative morphometries of Martian sapping channels and 
those developed in the sapping box experiments. However/ 
several similarities are readily apparent. Sapping channel 
systems on Mars and in the sapping box exhibit some degree of 
organization to their spatial occurrence manifest by the 
regular interchannel distance along the basal escarpments. 
This spacing is about 20 km on Mars and about 9 cm in the 
sapping box (Fig. 2) . This organization is also apparent in 
the dimensionless interchannel spacing ratio (lateral 
escarpment distance divided by the average interchannel 
spacing). Channel networks on Mars and in the box have 
similar channel length values. Junction angles developed by 
sapping processes averaged 40 to 50 degrees. Lubowe (1964) 
showed that junction angles in 1st/ 2nd/ and 3rd order 
dendritic terrestrial stream networks averaged 60 to 85 
degrees. 

Our next series of experiments will attempt to integrate 
a quantitative monitoring of flow conditions and look at 
surficial morphologies developed in varied sedimentary media 
and environmental conditions. 

References: 

Lubowe/ J.K./ 1964. Stream junction angles in the dendritic 
pattern: Amer. J. Sci., v. 262/ p. 325-339; Howard. A.D./ and 
McLane. C.. 1981. Groundwater sapping in sediments: Theory and 
experiments: N.A.S.A. Tech. Mem. 84211. p. 283-285. 


229 



GEOMORPHIC MAPPING OP MANGALA VAI.LIS, MARS 
R. Craig Kochel, Dept, of Environmental Sciences. University 
of Virginia. Charlottesville. VA 22903. Cassandra J. Runyon. 
Dept, of Geology. Southern Illinois University. Carbondale. IL 
62901. and Victor R. Baker. Dept, of Geosciences. University 
cf Arizona. Tucson. AZ 85721 

Mangala Vallis is one of the large outflow channels on 
Mars carved by enormous volumes of northerly-flowing fluids. 
Mangala Vallis occurs at longitude 153° and extends from -10 
to -4** south latitude. The channel bifurcates into two 
distributaries before terminating 'n the Amazonis Planitia 
basin (Figure 1) . 

Geomorphic mapping of Mrngala VaTlis followed the format 
of Baker and Kochel (1979) and is shown in Figure 2. It is 
apparent that the hilly and cratered host terrain has been 
extensively modified by catastrophic fluvial flow(s) and was 
later subjected to post-diluvial modification processes. 
Table 1 summarizes the comparative geomorphology of Mangala. 
Maja. and Rasei Vallis. Mangala Vallis most closely resembles 
Maja vallis. Their geomorphic similarities may be largely due 
to similarities of host terrain materials in which these 
channels were eroded, i.e. hilly and cratered terrain. Unlike 
the Kasei Vallis channel developed in lunae planum material. 
Maja and Mangala show minor post-diluvial modification of 
channel walls. These differences are probably due to 
contrasting behavior of different ground-ice and regolith 
character between the two host terrain types. The absence of 
extensive fracture systems in the region of Maja and Mangala 
Vallis relatj'^e to Kasei Vallis also indicates contrasting 
regoliths and/or structural histories. Channel floor bedforms 
developed in Mangala are similar to those described in Kasei 
and Maja Vallis (Baker and Kochel. 1979} with the exception of 
a sinuous flat-topped mesa in the eastern part of the study 
area (Fig. 1. site 5; Fig. 2. site IR) . This feature may 
represent the former floor of a valley filled with some 
resistant material such as lava. The lava may have acted like 
a caprock causing relief inversion. Eolian deposits and 
landforms are more significant in Mangala Vallis than in Kasei 
or Maja Vallis. Crater streaks are abundant as are large 
areas of low-relief eolian mantles in some breached craters 
and protected channel floors. Large dune fields also occur at 
the mouths of the two Mangala distributaries and may represent 
reworked f luvio-deltaic sediments. 
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— GEOMORPHIC COMPARISON OF OUTFLOW CHANNELS 
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TABLE 1 
GEONORPHIC FEATURES 
Host Terrain 
Channel Pattern 
Channel Floor 

Long , grooves abundant 

StreiBlined hills abundant 

Obatacle scour abundant 

Crater breaches rare 

Cataracts coanon 

Inverted relief 
Terraces conmon 

Eolian Deposits crater a 


cosdson 

abundant 

common 

abundant 
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LAKES OR PLAYAS IN VALLES MARINER IS 

B. K. Lucchitta, U.S. Geological Survey, Flagstaff, AZ 86001 

Layered materials in Valles Marineris, which were first recognized on 
Mariner 9 pictures, were attributed to deposition in lakes (1). Moderate- 
and high-resolution Viking images, some with stereoscopic coverage, now 
permit a critical evaluation of this hypothesis. These new images clearly 
show that the layered materials are interior deposits and not erosional 
remnants of formerly more extensive plateaus. The interior materials are 
finely and evenly layered, whereas the walls of the plateaus are not. 
Overlap of the highly eroded interior remnants of the plateau by the 
layered materials indicates that these layered materials postdate the 
plateau rock and extensive erosional activity. Both deposits differ in 
erosional aspects: the slopes of the layered materials are dissected into 

numerous parallel gullies and show few landslides, whereas the wall rock is 
characterized by anastomosing spurs and gullies with many landslides. 

Also, unlike the wallrocks, the interior deposits are highly susceptible 
to wind erosion; thus they are probably less well indurated and differ in 
composition. 

Evidence from Viking images also supports a sedimentary depositional 
origin associated with water. The fine and even bedding in the layered 
materials is consistent with emplacement in playas or lakes; turbulent 
winds associated with the rugged relief of Valles Marineris are unlikely 
to have created such even bedding. Also, similarly layered wind deposits 
would then occur on the surrounding plateau, but they do not. If the 
interior deposits were former polar deposits, as suggested for layered 
deposits elsewhere in the equatorial area (2), they should, again, not be 
restricted to the troughs. However, the volume of the interior deposits 
appears to be larger than that of materials eroded from the trough walls, 
many of which are fault scarps; the additional materials are probably from 
volcanism inside the troughs (3). 

Involvement of water in the deposition of the interior beds is also 
suggested by relative-elevation data (4). The position of the highest 
points of the interior deposits about 2,000 m below the plateau rims 
indicates that slopes existed toward the interior. Even though the floor 
elevations of Ophir and Candor Chasmata differ by as much as 4,000 m, the 
fact that the contained beds reached similar elevations strongly suggests 
fluvial deposition at a common base level. The physical resemblance of 
the interior beds to basin beds in fault troughs of the Basin and Range 
province of the American West also supports deposition of these martian 
beds in 'okes or playas. 

Runoff from the surrounding plateaus, in addition to sapping, may 
have contributed water and sediment to former lakes in Valles Marineris. 
Generally, tributary canyons to the troughs lack visible drainages above 
the canyon heads, and they presumably eroded headward by sapping (5). 
However, debouchment of integrated valley networks from the Sinai Planum 
plateau into tributary canyons south of lus Chasma suggests that runoff 
from the plateaus played a significant role in sotne places. Other such 
valley networks may have existed elsewhere but now are not recognized 
because they were poorly developed in the resistant lavas that cap the 
plateaus, and were later buried by wind deposits. 
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A difference in wall morphology between old and young wall segments 
of Valles Marineris suggests that a climatic change took place during 
development of the walls and that old wall segments developed during a 
fluvial epoch. Old wall segments, characterized by spur-and-gully 
morphologies, occur on the upper part of the fault scarps that form the 
walls, whereas young wall segments, characterized by smooth talus slopes, 
occur on the lower part of the same fault scarps; the transition between 
these two wall types is abrupt. Also, all young landslide scars are 
smooth walled and do not show transitional forms to spur-and-gully 
morphologies. The old spur-and-gully type of wall dates back to the time 
of valley-network formation on Mars and .hus is linked to an epoch of 
fluvial activity. Because interior deposits are associated with the spur- 
and-gully morphology, they also belong to the older fluvial epoch. This 
association supports the hypothesis that the interior deposits were 
emplaced by water. 

Spur-and-gully morphology may be an erosional style that develops 
preferentially in a subaqueous environment. Radio-echo sounding on the 
Earth reveals remarkably similar erosional forms on the walls of submarine 
canyons. This similarity suggests that the spur-and-gully morphology on 
Mars developed in deep bodies of water that filled Valles Marineris, 
although the resemblance of many subaerial erosional forms on Mars to 
subaqueous forms on Earth weakens the argument. 

Circumstantial evidence also supports the idea that Valles Marineris 
may have contained lakes or were filled to high levels by deposits from 
ephemeral lakes and playas. The headwaters of Sinwd Vail is once extended 
into Valles Marineris. Tiie present floor gradient on Simud Vail is between 
Valles Marineris and the Chryse Basin is virtually flat, and movement of 
water through the valley would have been difficult. Flow would have been 
greatly facilitated if Valles Marineris were once enclosed and formed 
lakes that eventually overflowed at high spillway levels, and thus 
provided the necessary gradient for Simud Vail is. Breaching of the 
containing dam by headward erosion along the ancestral Simud Vail is could 
have caused a gigantic flood that created the necessary gradient and gave 
Simud Vail is its present configuration. 

None of the above observations alone conclusively demonstrates that 
lakes or playas ever existed in Valles Marineris, but altogether the 
evidence is highly suggestive. Therefore, the early hypothesis (1) is 
supported by more detailed observations. Valles Marineris once, during a 
more fluvial epoch on Mars, probably contained water in permanent or 
ephemeral lakes, and received sediment that was deposited in the 
Interior. 
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PREFERENTIAL DEVELOPMENT OF CHAOTIC TERRAINS ON SEDIMENTARY DEPOSITS, MARS 
B. K. Lucchitta, U.S. Geological Survey, Flagstaff, AZ 86001 

Chaotic terrains on Mars are characterized by polygonal fracture 
systems, angular mesas, and rounded hummocks arranged disorderly in 
irregular hollows, circular depressions, or at the base of scarps. Sharp 
(1) ascribed the origin of chaotic terrains to possible collapse through 
the degradation of ground ice. Here, I examine the proposition that some 
chaotic terrains are associated with fluvial depositional centers and 
suggest that chaotic terrains may have developed preferentially on 
sedimentary deposits. 

Polygonal ly fractured ground occurs in several low areas (2) in 
Valles Marineris. One such area is in the center of Candor Chasma, where 
outwash from landslides apparently converged and pooled (3). The deposit 
from this former pool has a level surface, embays the surrounding terrain, 
and has a surface texture of irregular plaques and hummocks traversed by 
numerous cracks. Two other, smaller low spots in East Candor Chasma show 
a similar surface texture. These observations suggest that sediment 
deposited in ponded water on Mars may yield surfaces that are traversed by 
cracks and broken into plaques and hummocks similar to chaotic terrains. 

Chaotic terrains are also associated with fluvial activity elsewhere 
on Mars. In Margaritifer Terra (MC-19 SE), several valley networks, 
including Parana Vail is, drain toward a regional low; this depression is 
occupied by deposits with chaotic arrangements. Chaotic terrain occurs 
where Nirgal Vallis debouches into Holden Vallis (4), where Mawrth Vallis 
empties into the Chryse Basin, and where Ma'adim Vallis enters a crater. 
These observations suggest that deltaic or fan deposits formed locally 
along the course of martian valleys and that such deposits favored the 
development of chaotic textures. 

Other depressions on Mars contain chaotic terrains. Three large 
circular lows in Sirenum (MC-24 NW) contain materials that have chaotic 
arrangements. These depressions are probably ancient crater scars that 
were filled with sediment from local runoff. Volcanic activity in this 
region (5) may have contributed to the release of water from the ground or 
from emanated volatile materials. Here, as in Valles Marineris, there 
appears to be an association between depositional centers and the eventual 
development of chaotic terrains. 

The main area of chaotic terrains on Mars lies in Margaritifer Sinus, 
where it occupies the regional low between the Tharsis uplift to the west 
and the martian cratered highlands to the east. Carr (6) suggested that 
subterranean aquifers emerged and formed springs in this low area, and 
Boothroyd (7) discovered that ancient valley networks converged on this 
low, where they may have coalesced to form trunk streams ancestral to the 
present outflow channels. These observations support the view that the 
present chaotic terrain may lie on a former flood plain and its water- 
saturated sediment. Chaotic terrains also occur in many places along the 
north highland boundary; there, also, they may have formed on the deltas 
or flood plains of some of the ancient valleys that flowed toward the low 
area of the northern plains. 
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In summary, the association of chaotic terrains with apparent former 
fluvial activity and ponding suggests that sedimentary deposits may have 
been favored materials for the eventual development of chaotic terrains. 
The reason for this may be threefold. [1] Cracking upon freezing or 
drying of water-saturated materials may have led to the typical polygonal 
structures; [2] segregated Ice masses may have formed In the fluvial 
sediment, which has grain sizes that favor the development of segregated 
Ice (sand and gravel furnish the needed aquifers, and silt Is most 
susceptible to the massive growth of Ice); and [3] degradation of the 
segregated Ice masses led to eventual collapse of the ground. 
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Modification of Martian Fvetted Terrain 

Dean B. Eppler and Michael C. Malln» Department of Geology, Arizona State 

University, Tempe AZ 85287 

Fretted terrain Is one of several lowland landscapes found on Mars that 
suggest Intense geonorphlc activity. First described by Sharp (1), subse- 
quent studies have concentrated on description and classification (2), age 
relationship (3,4), and mechanisms and vigor of modification processes (3, 
5,6,7). This study Is concerned principally with the temporal, material, 
and environmental constraints that can be placed on the modification of 
fretted terrain by. In particular, the formation and maintenance of reason- 
ably smooth surfaced, convex, lobate aprons that surround high standing 
mesas and occur at the base of many scarps. 

Measurements of apron width perpendicular to the superjacent scarp, 
scarp height above the apron, and scarp azimuthal orientation, as well as 
crater counts, were performed In Deuteronllus Mensae on 52 aprons and 
associated plains and highland units. Flow width shows no particular 
relationship to scarp height, nor do high scarps have preferred orienta- 
tions. The clustering of scarp heights does Imply, however, detectable 
layering In the materials underlying the upland surface* There Is a strong 
suggestion of a correlation of average apron width with orientation: those 

between N75®E and N165®E are wider than those at other azimuths. We will 
return to this observation shortly. Aprons have few, if any, superimposed 
Impact craters (5). Surrounding terrains have a more normal compliment of 
such craters. From this it may be inferred that: 1) the aprons are young 

with unmodified surfaces, 2) the aprons are young with surfaces modified 
by young or on-going processes, or 3) the aprons are old but with surfaces 
modified by young or on-going processes. In each case, however, we appear 
to be dealing with relatively recent (perhaps contemporary) process(es). 

Material factors must also be considered when evaluating potential 
candidates for mechanisms of degradation. The distinct change in landform 
character from scarp to apron implies a variation in material. Possible 
explanations for the observed relationships include, alternatively, aprons 
made of coherent bedrock, coherent fragmental debris, or unconsolidated 
fragmental debris. The fragments could be coarse, fine, or mixed. Each 
of these alternatives implies certain properties and emplacement histories, 
yet to choose one is not possible at present. Examination of IR1*M high 
resolution observations may permit this problem to be resolved. 

Environmental factors, including temperature, atmospheric pressure, 
and the abundance of H 2 O in so** id or liquid form, are. Intuitively, ex- 
tremely important to the evolution of fretted terrain, though this is by 
no means proved. The current conditions do not permit liquid water in 
the near surface materials (8,9), although climatic changes induced on 10^ 
yr timescales by astronomical perturbations may produce conditions allowing 
but not necessarily ensuring the presence of liquid water (10). The pre- 
sumed importance of liquid water to apron formation rests principally on 
the ability of many processes, relying on water-related erosion and trans- 
port, to create landforms similar to those seen in fretted terrain. The 
relationship between scarp azimuthal orientation and apron width suggests 
a possible link between rapid morning temperature changes and apron forming 
processes. Processes of planation operating on bedrock, or mas‘j movement 
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phenomema, particularly debris avalanches, flows, or creep, seem most likely 
responsible for the aprons In the fretted terrain. It Is most probable that 
these processes are active during periods of high obliquity, and may now be 
less active or Inoperative. 
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POSSIBLE EVIDENCE OF HYOROCOMPACTIQN WITHIN THE FRETTED TERRAINS OF MARS 


D. Weiss, and J. J. Fagan, Department of Earth and Planetary Sciences, 

City College of CUNY. New York, N. Y. 10031 

Many researchers have been concerned about the erosional history and main- 
tenance of the Martian Highlands-Lowlands boundary in the vicinity of the 
fretted terrain of the Deuteronilus Mensae. The geomorphic development of 
this north-facing front and its associated valleys, channels, and outliers 
was originally described by Sharp (1) as being the result of undermining 
caused by the evaporation of ground ice exposed at the escarpment face or 
by groundwater emerging at the foot of the escarprment. Squyres (2) pro- 
posed that the removal of debris produced by the receding escarpment could 
be accomplished by aeolian deflation after weathering or by fluvial trans- 
port under different climatic conditions than those presently active on 
Mars. 

The presence of debris aprons at the base of many valley and outlier es- 
carpments were described by Squyres (2) as being lobate with a distinct 
convex profile. Carr (3) indicates that erosion by mass wasting along 
the boundary around the mesas and outliers is persuasive. The debris 
aprons can extend as far as 20 Km from escarpment surfaces and do not 
appear to be cratered. 

An examination of "Survey" series high resolution Viking imagery taken 
along the northern highlands boundary area indicates the presence of a 
"moat- like" depression or swale on the debris apron at its contact with 
various excarpment surfaces. Thes« features appear to be about 3 Km 
wide and, at the most, a few tens of meters deep. When found on the 
debris aprons surrounding the outliers the "moats" do not have a pre- 
ferred orientation or side on which they develop. Figure 1 illustrates 
a typical "moat" surrounding an outlier. A few moats were observed to 
encircle the outlier, but most did not go around completely. When ob- 
served on the debris aprons along the valley escarpments (Fig. 2), the 
"moats" follow the trend of the valley walls. Thusly many of the debris 
aprons initially described by Squyres (2) as having continuous convex 
surfaces are, as shown in Figures 1 and 2, topped by a "moat-like" 
depression. 

The origin of the "moats" has led us to examine four possibilities: 
aeolian erosion, sapping, basal slip or slumping, hydrocompaction. 

When first observed it was assumed that the "moats" were aeolian in 
origin. They generally appeared to have a preferred orientation. 

Further examination of the area indicated a non-randomness to their 
distribution and the lack of other wind-derived features such as dunes. 

A wind induced streamlining affect was also set aside. Sapping also 
presented itself as a possible mechanism especially when the "moats" 
were observed in several of the valleys south of the outliers. Laity 
and Saunders (4) have invoked sapping as a process responsible for the 
continued development of the valleys along the highlands northern 


239 



escarpment. The removal of debris apron material would be initiated by 
the sapping process to be then entrained in the down valley movement of 
sediment. Unfortunately down elevation outflows were not observed for the 
"moats" surrounding the outliers. The depressions could also be the result 
of basal si ip/slumping activity within the debris aprons. Slope instability 
leading to the development of slip surfaces could produce en masse down- 
slope movement of the debris apron. The depressions could thus 1y be analo- 
gous to the grabens developed at the head of slump blocks and other similar X 

mass wasting features. 

The fourth possibility is that of hydrocompaction. On earth, the introduc- 
tion of water into under-saturated or moisture deficient low density sed- 
iments can cause the reorientation of the sedimentary particles and the 
collapse of the internal sedimentary structure occurs. Thusly the weight 
of the overburden compacts the material as former pore space is reduced. 

Where observed on Earth, most hydrocompacted materials include alluvial 
fan, alluvial, and wind-blown silts such as loess and related sediments. 

The phenomena is generally restricted to material with bulk densities of 
less than 1.3 g/cm^ which has a high void ratio. Where observed on earth, 
the water needed to bring about hydrocompaction is introduced into the 
sediment as a result of irrigation, leakage from canals and wells, and 
storm runoff. Subsidence of up to 6 m has been reported for alluvial 
sediments of the San Joaquin Valley of California. 

On Mars one can speculate about the possible diocharge sources for water 
that can bring about hydrocompaction. Sharp (1), Squyres (2), Sharp and 
Mai in (5), and Carr (3) indicate that the release of ground-ice and/or 
groundwater have brought about the erosion of the fretted terrain and 
valleys of the highlands northern front. Laity and Saunders (4) and 
Howard and McLane (6) also invoke the release of water in order to develop 
sapping features on Mars. Carr (7) proposed a mechanism for the rapid 
release of water from subsurface aquifers. It is quite possible that a 
similar mechanism, acting much slower, would bring about the release of 
water needed to produce the observed "moat-like" features. Thusly, along 
the escarpment faces of outliers and valleys, the release of water in 
suitable quantities to bring about hydrocompaction is possible. 
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QUANTITATIVE MORPHOLOGY OF THE VALLES MARINERIS SCARPS 

P. C. Patton, Department of Earth ahd Environmental Sciences. 

Wesleyan University, Middletown, CT 06457 < 

Analysis of the network characteristics of the Valles Mari- 
neris spur and gully topography can be used to infer a sequen- 
tial development to the chasma scarps. Observations of the 
regional distribution of wall scarp morphology in the Valles 
Marlneris and comparitive studies of large scarps on Earth can 
be used to place limits on the processes that are important in 
the formation of the martian scarps. 

Measurements were made of the quantitative morphology of 
nearly 600 spur networks throughout the Valles Marineris. An 
individual spur network is defined by the master spur that con- 
nects the hillslope system to the crest of the scarp (1). Scarp 
networks have the inverse pattern of the intervening gully net- 
works. Network samples included both spur networks that are 
truncated by apparent fault scarps as well as scarp networks 
whose Slope bases are more sinuous and lacking in structural con- 
trol. Spur networks were also sampled along the length of the 
Valles Marineris in order to ascertain any regional variations 
in scarp morphology. The additional quantitative data on spur 
network topology confirms many of the initial results of this 
study (1) . Networks that have fault scarps at their base have a 
greater density of bedrock spurs and are apparently weathering 
limited slopes where transport processes are dominant. Scarp 
crests are also more linear suggesting a more uniform rate of 
headward erosion. In cont*'9‘ slopes which lack basal scarps 
have lower bedrock spur dei._ -ies and are apparently transport 
limited hillslopes where debris is stored on the slope masking 
the spur topography. Slope crests are more sinuous implying un- 
even rates of headward erosion as a few master gullies become 
dominant. This is reflected in the increased width of the hill- 
slope networks which coalesce concommittantly with the capture 
of adjacent gully networks. The correlation of fine-textured 
spur topography with basal fault scarps implies that regolith 
removal by dry mass-movement processes is the most important 
process on these slopes. Where the slope base is not rejuvenated 
by faulting more debris is produced on the slope than can be 
transported and a more subdued topography results . 

Observations on the regional distribution of spur and gully 
topography provide addition evidence for this process . The 
northern walls have a fine-textured spur and gully topography 
which terminates against an apparent basal fault scarp. In con- 
trast the southern wall lacks a basal scarp, has a lower spur 
density and has a more sinuous crest and base. It is logical to 
assume that both scarps were created at the same time. If both 
scarps are the sane age, then a radically different scarp evolu- 
tion has occurred on either side of the chasma. A regional 
comparison of north and south scarps throughout the Valles Mari- 
neris does not reveal any preferential development of either 
scarp form. Therefore, the difference is scarp morphology does 
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not appear to be related to regional geology or other spatial 
variables such as slope aspect. Instead these observations 
further argue that the spur ‘and gully topography is related to 
the tectonic control of the scarp base and that other processes 
are less efficient In transporting regollth off the slopes. 

Comparltlve studies of the chasma scarps with fault scarps in 
the Basin and Range Province of the western U.S. provide impor- 
tant contrasts. Mountain fronts in the Basin and Range of 
various tectonic activity (2,3) were studied. The density of 
spur and gully topography is largely independent of the morphol- 
ogy of the mountain front scarp . This is because the fluvial 
processes which dominate these scarps are efficient removers of 
slope regolith. This negative evidence further supports the 
suggestion that the r irtian spur and gully topography evolves by 
mass wasting processes that require a continually lowered base 
level . 
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COLLAPSE: A MECHANISM FOR MARTIAN SCARP RETREAT 

BASRERVILLE, Charles A., U.S. Geological Survey, 952 National 

Center, Reston, VA 22092 

Collapsed channel walls and collapsed depressions have 
been Interpreted from Images taken on the V.lklng mission around 
Mars. The question that arises Is, where did the missing 
materl.:! go? All of the collapse based on degradation of 
contained ground Ice does not seam to account for all the 
material formerly occupying the depressions. Some suggestions 
are made toward explaining this loss. 

On scenes 206S21 (Fig. 1) and 231S35 (Fig. 2), slumps or 
collapse structures can be seen along valley walls which are 
many times larger than similar Earth features (Mutch and 
others, 1976). It Is suggested that the lowermost materlalo 
along the valleys were removed by fluid flowing down the 
channel, undermining the outside channel walls along meander 
bends. The broadly arcuate fissures along the plateau edge 
(arrows on photos) above the channel are surface expressions of 
slumps In the early stages of development. 

A possible explanation for slumping along these valley 
walls Is that the lowermost material may be an englneerlng-llke 
soil, which is defined as all loose weathered material 
Including decomposed bedrock with no cemented strength of its 
own, which contained Interstitial ice - permafrost or ground 
Ice (Mutch and others, 1976); the ice may have been warmed by 
fluids moving In the channel reducing strength. The overburden 
weight of the chunnel walls could then squeeze out the weakened 
soil and cause collapse of the overburden mass alon(; the 
arcuate stress relief fractures. Martian channel, valley, and 
chasma walls can range from many tens of meters to kilometer 
dimensions in height. If this lower unit is silt- or clay-rich 
(Mutch and others, 1976), it may have had large amounts of ice 
In the pore spaces. When heated by the aforementioned fluids, 
formerly ice-laden riged silt or clay could have flowed 
plastically and caused subsidence by loss of supporting 
power. A similar reaction is reported in periglaclal 
environments on Earth by French (1976). 

An illustrative phenomenon, though non-static, can take 
place on earth-bound engineering projects where the weight of a 
surcharge, which may be 3 or 4 meters thick, is used in an 
attempt to consolidate and strengthen silts and clays with 
little or no shear strength. When the placing of the surcharge 
is not properly controlled, a "mud wave" may result, which is 
the engineer's terminology for a failed mass flowing from 
beneath the over-burden surcharge. 

On Viking images 232S13 (Fig. 3), 212S21 (Fig. 4) and 


244 


ORIGINAL PAGE IS 
OF POOR QUALITY 

212S28 (Fig. 5), there ere lerge 5 Kb) flec-floored craters 
which appear to be craters formed by collapie into an 
underlying large void; these craters lack ejecta blankets and 
raised rias as seen associated with impact craters. Similar 
features called alases are found on Barth (Washburn, 1973). In 
212S28 the inner material of the crater has broken into 
blocks. Scene 212S21 indicates slumping and centripetal 
drainage, shown by drainage lines leading into the crater, 
around the scarp of the crater. Similar features are present 
around the scarp of the large crater in the northeast corner of 
232S13. 232S13 additionally has a window~like closed lower 
surface exposed beneath the malr. crater floor. 

Pagan and others (19bl) have studied collapse craters and 
shown hypothetical sequences for their formation along the 
highlands ** lowlands boundary. They indicate that these forms 
may be fracture controlled, as evidenced, in some instances, by 
subcircular outlines of the crater rims and linear e.dges--a 
hypothesis this author supports based on examination of a 
number of these features on Mars photography. Viking image 
216S26 (Fig. 6) depicts an elongated non-circular collapse 
structure, many kilometers in length, that appears to be 
aligned with a fracture striking east-northeast (see snow on 
216S26). Rossbacher and Judson (1980) discuss similar 
depressions which they attribute to wastage or degradation of 
large volumes of ground ice in segregated masses and in pore 
spaces, giving rise to thermokarst topography. 

It is indicated that the breakup of the material in 
subcircular depressions, as in scene 212S28, could have been 
initiated by tectonism locally affecting fracture sets related 
to a large regional fracture system (Mutch and others, 1976). 
This type of mechanism is probably the control for the elongate 
closed depression in scene 216S26. The erosion hy fluids and 
gravitational wasting of the material in the subcircular 
depressions could have been started by the aforementioned 
tectonic deformations which opened these fractures, allowing 
more rapid erosion of their walls. The apparent internal 
drainage systems have been instrumental as channelways in 
carrying away the material eroded in these depressions. 
Sediment transport was probably Initiated by volcanic heat 
which could degrade pore ice such as postulated by Rossbacher 
and Judson (1980). This heat was transferred through some of 
the fractures. The resulting melt water transported sediment 
by traction and suspension into the open fractures within the 
depressions, and thence into subterranean channelways and 
caverns. These subterranean caverns and channelways may be in 
soluble strata, analogous to caverns in karst regions on Earth 
such as the recent Florida sinkholes, or in burled lava 
tunnels, ns found in volcanic regions on Earth; both instances 
on Mars being of much larger scale. 
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LANDSLIDES OF VERMILLION CLIFFS, ARIZONA: APPLICATION TO MARS 
Kenneth L. Tanaka, U.S. Geological Survey, Flagstaff, AZ 86001 

Rotational blockslides and plastic-flow landslides appear to be end 
members of landslide styles found along the base of 50 km of the 
Vermillion Cliffs in northern Arizona, as well as along a few kilometers 
of the neighboring Echo Cliffs. These cliffs are composed of the 
following continental, Mesozoic formations (from oldest to youngest): 
Moenkopi Formation ("Rm), Chinle Formation ("Re), Moenave Formation 
("Rmo), Kayenta Formation (T?k), and Navajo Sandstone CRJn). 
Reconnaissance mapping has partly shown the extent, geologic relations, 
and morphometry of the landslides (1,2, 3, 4). Further field 
investigation of some of the largest landslides has revealed their 
structural details and mechanisms of emplacement. 

The rotational blockslides in the vicinity of long. 112®00' W. and 
lat. 36®45' N. involve 400-500 m of sandstone and siltstone from the 
lower part of the Moenave Formation to the present surface of the Navajo 
Sandstone (Fig. 1.), which overrode and, in some cases, carried along 
parts of the underlying bentonitic shale beds of the Chinle Formation. 
The slide deposits have a total length of up to 2000 m and a width of 
over 8000 m at this locality. The initial slides next to the cliffs 
underwent later collapse of their distal portions, as a result three 
successive stages of rotational blockslides extend outward from the 
cliff. These slides produce the characteristic stair-step appearance of 
the cliffs. Thicknesses are generally less than 150 m for the first 
stage slides and 100 m for succeeding stage slides. Individual slides 
are as much as 2000 m in width and 700 m in length. Vestiges of an 
older, more eroded sequence form a belt less than 1000 m long and 6000 m 
wide at a distance of 2500 m from the cliff face (I in Fig. 1). 

Slides of the first two stages emplaced adjacent to the cliffs are 
well preserved (Ila and Ilb in Fig. 1), whereas only local remnants of 
blockslides of the third stage are present. Beds within the slides have 
been rotated backward 15-50® from an initial dip of 4® N. The 
landslides have steep head faults which flatten out into sole faults on 
the overridden erosion surface or within the Chinle Formation. Because 
they are generally linear in strike the head faults are probably 
controlled by joints. Obvious shearing and local faulting and tight 
folding has taken place in the underlying Chinle Formation. Sandstone 
beds immediately above the sole fault have been broken up into meter- 
scale blocks which are brecciated or fractured into centimeter- to 
decimeter-size fragments. Small thrust faults occur locally in 
siltstone beds of the Moenave and Kayenta Formations incorporated in the 
blockslides. Another area of blocksliding, similar in size and style of 
movement to the one just described, is found at lat. lll®5r W. and 
long. 36®45' N. 

Farther east a plastic-flow type of landslide dominates. Here a 
lower set of cliffs, as much as 100 m high, was formed because of the 
erosional resistance of the Shinarunp Member at the base of the Chinle 
Formation which overlies the Moenkopi Formation. The bentonitic shale 
beds of the Chinle Formation, carrying chaotic mixtures of the overlying 
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formations, have been pushed over these cliffs. This kind of landslide 
generally occurs when the lower cliffs are within 2000 m of the upper 
cliffs. 

One of the larger slides at long. 111®47‘ W. and lat. 36®43' N. was 
inspected first hand. This lobate slide flowed about 600 m past the 
lower cliff face, splaying out from 300 m in width at the cliff to a 
maximum of 750 m. At the toe, the slide is about 25 m thick, 5-10 m of 
the Chinle Formation at the base is overlain by 5-20 m of chaotically 
mixed red sandstone and siltstone, and a few boulders of the Navajo 
Sandstone and lenses of shale and limestone from the Chinle Formation 
are mixed in. The slide surface is characterized by roughly 
transversely oriented swales 20-30 m in wavelength and 5-8 m in 
amplitude. The surface gradient dips in the direction of transport at 
6-10°. Other plastic-flow slides exposed along the lower cliffs appear 
to have the same morphology and stratigraphy. 

Rotational blockslides are typical of areas in which the slide mass 
overrode flat terrain; plastic-flow landslides occur where the slide 
material has been transported over a cliff or a steep slope. It is 
supposed that the landslides in this area are Pleistocene in age because 
the wet climate of that period would have facilitated their movement and 
because of the limited amount of erosion since landslide emplacement. 
Other rotational blockslides similar in nature to the first type 
described have been documented elsewhere in the western U.S. (5,6,7). 
They all have the same stratigraphy - a mechanically strong material 
such as sandstone, lava, or welded ash overlying shale or loosely 
consolidated volcaniclastic material in which failure occurs. 


Application to Mars : Many landslides and suspected landslides have 

been documented along martian scarps. The slides within Valles 
Marineris appear to have been rapidly emplaced, perhaps aided by 
volatiles in the slide material (8). Landslides along the northwest and 
northeast flank of the Olympus Mons escarpment are of at least three 
different types; one style has a stair-step morphology similar to the 
rotational blockslides described above, however, the martian examples 
are larger in size, in accordance with the large escarpment. One 
martian example, at long. 135°20' W. and lat. 23°30' N. , fell from a 
9000 m cliff (Fig. 2). The slide is 40 km long and as much as 30 km 
wide; it has four major slide segments that probably were formed in the 
same successive slide stages as those inferred for the Vermillion Cliff 
blockslides. Each slide block is capped by cliff-forming, resistant 
material whose surface dips backward, implying backwards rotation. The 
slide has a 45 km northv/est-trending linear scar; the scar indicates 
fault control. Other slide sequences along the Olympus Mons escarpment 
have one to four segments. No landslides of the plastic-flow type have 
been found; however, these may be less plentiful because of the lack of 
a bench or steep terrain over which low strength material can flow and 
because of the difficulty of distinguishing plastic-flow types from 
other types of landslide found along the escarpment owing to limitations 
in image resolution. Another possible major locality of rotational 
landslides occurs along the southeastern, stair-step appearing 
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escarpment of Olympus Mons. Partial burial by lavas, however, make 
Interpretations tentative. 

The occurrence of rotational blockslldes and other slides along the 
Olympus Mons escarpment suggest the presence of low-strength material 
below the lavas. This material could be the previously proposed ash 
flows or landslide materials within the escarpment (9,10). The 
blockslldes probably occurred soon after escarpment formation because 
they are embayed by post escarpment lavas; other exposed landslide types 
mostly post date the lavas. 
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Figure 1. Rotational blockslldes mapped along the Vermillion Cliffs, 
Arizona; I Is an older sequence, II 1s youngest sequence; a,b refer to 
slide stages of II. 



Figure 2. Inferred rotational blockslldes, basal faults (heavy dashed 
lines) and weak material along the northwestern escarpment of Olympus 
Mons, Mars; a,b,c,d are proposed slide stages. 
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CONTINENTAL MARGIN SEDIMENTATION: ITS RELEVANCE TO THE MORPHOLOGY ON MARS. 

Dag Numnedalt DepartiDent of Geology* Louisiana State University, Baton Rouge, 
LA 70803. 


The continental margin (slope and rise) constitutes one of the most 
extensive geologic provinces on earth, accounting for as much as 9 per cent 
of the surface. Sediment movement on the continental margin is dominated by 
mass movement. Including sliding, slumping, debris flowage and turbidity 
current transport (Saxon and Nieuwenhuls, 1982). In contrast, sediment trans- 
port elsewhere on earth is heavily dominated by fluid bottom traction and 
suspension transport (rivers, longshore currents, shelf tides and storm waves, 
winds). As a consequence, on all scales the earth's slope and rise morphologi- 
cally are distinct from other, and traditionally better known, geologic provinces. 

Mass movement appears to be the dominant mode of sediment transport also 
on Mars, probably because there are no effective competing processes. Wind 
Is the only exogenic sediment transport agent on Mars today, and aeollan ero- 
sion appears not to be very effective (Arvidson ^ , 1979, Nummedal et i ]_. , 

1982). The frustration expressed by many authors In attempting morphological 
comparisons between the earth's continental surface and Mars is easily under- 
standable. Comparisons were made between surfaces subject to fundamentally 
different mechanisms of erosion and sediment transport. In those cases where 
subaerial terrestrial analogs to specific "fluvial" features on Mars have 
been proposed, the analogies appear rather strained. 

Recent continental slope mapping with side scan sonar of long range 
(e.g. "Gloria", slant range: 70 km), medium range (e.g. "Sea MARC", slant 

range 6 km) and short range (e.g. E.G. & G, slant range 0.5 km) permit the 
following generalized characterization of continental margin morphology. The 
examples which have been summarized in this description all come from tec- 
tonically passive continental margins. 

The continental slope is incised by numerous canyons (Emery and Uchupi , 

1972). On the U.S. Mid-Atlantic slope canyons occur every few kilometers 
along slope (Farre, 1982). Some of the larger canyons connect with fluvial 
paleo-channels on the shelf (Hudson, Baltimore canyons) others appear totally 
unrelated to paleo-drainage systems. The upper reaches of the canyons dis- 
play trellis-like drainage patterns formed by second and third-order tributaries 
with a spacing of about 300 m and 100 m respectively. Tributaries of adjacent 
canyons generally meet, and have completely dissected the intervening spurs. 

The major canyons display a highly meandering thalweg. The channel walls are 
scalloped; debris on the channel floor in some places suggests that these 
scallops are crescent-shaped slump scars. The smaller canyons (which do no 
indent the shelf edge) are straighter and display longitudinal channel-floor 
ridges. Large lenticular avalanche scars sculpt the regional slope between 
the major canyons (Ryan, 1982; Farre, 1982; Malahoff et al., 1980). 

Submarine slides and slumps have now been identi7TeT"on nearly all cor- 
tinental margins. These range in size from a slide covering more than 45,000 km^ 
on the continental rise off Northwest Africa (Embley and Jacobi, 1977) to in- 
dividual slides measuring less than 1 km‘ on the Mississippi delta front (Nummedal 
and Prior, 1981). Mass-movement appears to be the dominant mechanism for trans- 
port of sediment from shallow to deep water on all continental margins. Marine 
geologic evidence indicates that many submarine slides are transformed downslope 
into debris flows and turbidity currents (Hampton, 1972; Embley, 1982, Heezen 
and Ewing, 1952). The morphologic expression of the debris flow deposits and 
turbidities is inadequately known largely due to the scarcity of deep-water 
side scan sonar surveys. It is known, however, that long, continuous gently 
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sinuous channels traverse the continental rise and abyssal plains away from 
major canyon systems (Curray and Moore » 1974). Some of these channels are 
more than 1000 km long, a few km wide and up to 100 m deep. Dee-sea fans 
appear to Include both bifurcating and meandering channel segments. 

The assemblage of features due to mass-movement on t, a earth's con- 
tinental margins Is Identu. 1 In scale, topographic setting and morphologic 
detail to the complex eroslonal features on Mars. 
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POtAf^ B^SSAL MELTING ON 

Stephen M. Clifford, DepartjnenL of Physics and Astronomy r University of Massachusetts, Amherst, MA 
01003. 

ITie possibility of polar basal melting on N^rs has been discussed as a potentially important 
process in understanding the climatic history of h«0 on Mars and the evolution of the martian 
polar terrains (Clifford, 1980a, b,c; Howard, 1961).^ In this abstract several key points of this 
subject will be reviewed. 

Earth, tl« term "basal melting” is usually appliec: omy va>en melting occurs at the 
interface betw^n an ice sheet and the bed on which it rests, lhat is, if an ice sneet is thick 
enough for the combination of the Earth's geothermal heat flux and any frictional heat produced by 
glacial slidii^ to raise the temperature at its base to the melting point - then basal melting is 
said to occur, (towever, consider the case v4ie:e the thickness of the ice nheet falls short of that 
required for melting to occur at tiie ice sheet's base. In this instance the malting isotherm will 
lie at some depth below the base of the ice sheet but within the bed on %^ich the ice sheet rests. 
It is important to note that, if the bed is porous, pore ice is likely to exist in the region 
between the melting isoUierm and the base of the ice sheet. If additional snow or ice accumulates 
on the surface of the ice sheet, tiien the melting isotherm will rise higher in the frozen bed in 
response to the added insulation. As the isotnerm rises it release, as a liquid, any ice 
which may have previously existed within the pores of tlie froz^ bed. khile roLlting will not 
technically occur at the actual base of the ice sheet, an increase in the Ice sheet's t,hicknoss 
will nevertheless result in the melting of pore ice beneatl the ice sheet. In the discussion which 
follows, the use of the teim "basal melting" will oe broadei ed to include any situation where pore, 
or glacial, ice is melted as the result of a change in the pk^sitlon of the melting isotherm. 

Basic assumptions . The extern, of the martian cryospherc is determined by both the Ir *jdlnal 
variation of mean annual surface tixnperatures and by the value of the martian geothermal ^tadient. 
Present thermal nodels suggest that the depth to the 273 K isotherm varies from approximate.' y 1 km 
at the equator to perhaps as much as 3 km at the martian poles (Fanale, 1976; Rossbacher and 
Judson, 1960). Recent estimates of the total Inventory cf H.O on Mars (Pollack and Black, 1979; 
Lewis, personal cotrmunicetlon, 1980) are sufficiently large that the ground ice capacity of th 
martian cryosphere, at least near Che poles, is likely to be saturated. Therefore, as in the 
example discussed in the previous paragraph, Che deposition of aiiy additional material in the 
martiari polar regions will result in a situation Uiere the equillorlum depth tr the melting 
Isotherm has been exceeded - thus, basal melting will begin, and continue, until che equilibrium 
depth to the melting Isotherm is once again established, ^y meltwater produced as the result of 
this readjustment will fill the available pore space that exists beneath the martian cryosphere. 
Calculations, based on a lunar analog indicate that che martian crust may remain porcus to a depth 
of almost 10 km (Clifford, 1961a). Indeed, the availabe pore volume beneath the mart .an cryosphere 
appears sufficient to store a sizable reservoir of as groundwater. This storage potential 
may have important consequences for the climatic behavior of water on Mars - a subvert which will 
be discusstd in greater detail later in this abstract. 

Thermal calculations . Ttte thickness of the martian polar deposits required for basal melting 
can be calculate fr^: 


H 




''eff 




( 1 ) 


vhere k is the effective thermal conductivity of the polar deposits, T is the melting 
point te^rature oi the ice (wtiich may be depressed below 273 K due to pressure and solute 
effects), T is the mean annual surface temperature, CL is the geothermal heat flux, and 0^ 
is the frictional heat due to glacial sliding (Clifford, 1980a). 

The effective thermal conductivity of the polar deposits is dependent on the quantity of dust 
e.^trained in the ice. After de Vries (1963, 1970) the effective conductivity, of this two 

component mixture can be calculated from the relation: 

“eff “ f (2) 


where k. and k. are the thermal conductivities of tl ' icc and dust, t. and f . are their 
respective voluS fractions (f. ^ * U# sriJ vhere P is a weighting factor that represents 

the ratio of the average temn«rrature gradient through the dust grains versus the average 


261 



PRECEDING PAGE BLANK NUT fILMU) 


ORIGINAL PAGE IS 
OF POOR QUALITY 


TABLE I . THICKNESS Of POLAR DEPOSITS REQUIRED FOR GEOTHERMAL MELTING (T^« 165 K) • 


Dust Content of 
Polar Ice 

T - 220 K 
mp 

Required Thickness (km) 

T • 250 K 
mp 

V “ 

B0% 

.81 

1.2 

1,6 

60% 

1.7 

2.7 

3.4 

40% 

2.9 

4.5 

5.7 

20% 

4.5 

7.0 

6.8 


Adopted values: k.« ?.7xl0^ cal/(an yr K), k.« 3.1x10^ cal/(cm yr K) , 
0g»22 cal/(cm^ yrf, 0, F^«2.05, ^ 


temperature gradient through the ice. Ttie actual value of F is also dependent on the size 

distribution, shape, and orientation of the dust grains (the derivation of Equation 2 and the 
appropriate formula for calculating the weighting factor F can be found in de Vries (1963, 1975)). 

Calculated values of H for various dust contents and melting temperatures are presented in 
Table 1; assumed values for the various constants in Equations 1 and 2 are also listed in tlie 
table. The listed value of F was calculated for ellipsoidal particles with a major axis six times 
the length of each minor axis; the particle orientation is assimed to be random (HcGaw, 1969). The 
melting point temperatures of 220 K and 250 K vrere included to allow for the possibility that salts 
contained in the dust (specifically: CaCl^ and NaCl-) might significantly lover the temperature 
required for basal melting. The presence of even a ^11 quantity of salt may be important - for 
it opens the possibility that melting may occur, not at a discrete depth defined by a particular 
isotherm, but over a broad range of temperatures represei ting an equally broad range of depths 
within the polar deposits. 

Storage of a primitive ice ^eet . Based on the possible identification of table mountains and 
related morphologfei -'n Mars, It has been proposed that an extensive ice sheet may have once 
covered sizable area^. of ooth the northern and southern hemispheres (Allen, 1979a; Hodges and 
hoore, 1979). Arvidson ^ al. (1960) have argued against such a proposal on the basis that the 
difficulties involved in tEe removal and storage of such a large volume of ice appear 
insurmountable. However, the process of basal melting may resolve both of these major objections 
(Clifford, 1980c). 


Ice will remain stable on tlie martian surface only at latitudes Uiere the daily temperature 
remains continuously below the frost point. If Mars once possessed extensive polar ice sheets, 
then this fact may help to account for their subsequent disappearance. Consider for example that, 
after the ice sheets h«Jd reached their maximun areal extent, t..’ martian climate wanned. As mean 
annual temperatures increased in the equatorial and temperate zones, the position of the frost 
point latitude migrated towards the poles. When this latitude passed the outer perimeter of tlie 
ice sheet, the ice began to ablate and redistribute itself poleward via cold-trapping. As a 
consequence, ^at the ice sheet lost in areal extent it gained in thickness at the poles. With 
this added thickness, the melting isotherm readjusted to maintain its equilibrium depth from the 
surface - resulting in the initiation of basal melting. If Uie area involved in b<isal melting was 
equal to the present extent of the north .and ^uth polar dr.*posits, and if the geothermal heat flux 
had a value of approximately 22 cal cm”^ yr“^ (Fanalc, 1976), then a 500 m thick ice sheet that 
once covered 401 of the planet's surface could be Introduced into the martian crust as groundwater 
in just a few million years. 


The origin of Chasma Boreale It has been suggested (Clifford, 1980a, b) that Chasma Bor.^ale 
(85®N, 0^, and similar features in boUi the north and souUi polar terrains, may have b>*en 
formed by the catastrophic release of a large subsurface reservoir of glacial meltwater. This 
hypothesis is consistent with the depths for basal melting presented in Table 1 and with certain 
morphologic similarities between Chasma Boreale and featuies, found elsevhere on the planet, who&? 
origin is popularly attributed to a catastrophic release of groundwater. Of particular interest, 
are the similarities between Qiasma Boreale and Riva Vallls (2^S, 43^‘> . The diffetences that 
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•xist bmtmmn chess t%«a features can reaaonatly be attributed to their differing geologic 
environiMnts. fbr example, the large bloclui of disrupted crustal material Oiich are visible on the 
floor of Riva Vallis %nald not be expected in Chaama Boreale. the reason for this is that the 
polar deposits apparently consist of fine dust particles entrained in a matrix of water ice. the 
disruption of these deposits, by the catastrophic release of a subglacial lake, would alter the 
sensitive insolation balance that had previously preserved this polar material, the change in sun 
angles and the exposure of low albedo dust would likely result In the evaporation of interstitial 
ice from the disrupted blocks of polar deposits, the r%iK»val of this binding agent would allow 
strong polar winds, confined by the channel, to erode and transport the resulting sediment ^long 
the channel floor (Cutts, 1973). While a fluvial origin for Chasma Boreale Is not the only 
explanation for this feature, it is consistent with what one might expect if polar basal welting 
were widespread on Hers. It should be noted that a similar idea for Uie origin of Chasma Boreale 
was proposed In a slightly different context by Wallace and Sagan (1979). 


the cliMtic behavior of H^O. Recent calculations on the stability of ground ice in tne 
equatorial region of Wars sug^strlhat any ground tee, emplaced eerlier than 3.S billion years ago, 
may have long since been lost by sublimation to the atmosphere (Clifford and Hillel, 1982). Yet 
various lines of morphologic evidence suggest that substantial quantities of ground ice have 
existed in the egvuitorial region of Mars throughout its geologic history (dohansen, 1978; Allen, 
1979; Rossbacher and Judson, 1981). tn an attempt to address this apparent conflict, a model for 
the climatic behavior of H.0 on Mars has been proposed (Clifford and Huguenin, I960; Clifford, 
1981b). This model suggests that as equatorial ground ice is depleted, it may be replenished by 
the thermal migration of H.0 from an extensive subpermafrost groundwater system. The groundwater 
system is in turn replentmd when H^O, resulting from the sublimation of equatorial ground ice, 
is cold-trapped into the polar regions - where, as before, the added layer of Insulation results in 
basal melting. The prinicipal asset of this model is that it reprerents an essentially steady- 
state hydrologic cycle which does not require any significant periods of climatic change to account 
for the global redistribution of H^O. A major uncertainty and potential shortcoming of this 
model Is whether the H^o inventory on Mars is large enoijgli to support the required planet-wide 
groundwater system. 

The potential importance of polar basal melting on W:ir8 is not limited to Uio examples 
discussed above, fbr instance, Hr^rd (1981) has recently iiaiggested that polar basal melting may 
be responsible for the origin ot the etched plains and braioed ridges of the south polar region. Tb 
adoress these and other questions, a more detailed treavent of polar basal melting on Kars is In 
preparation. This research was supported under Gra x H9G 7405. 
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FIffSICAL AND MECHANICAL PROPOrriES OP PEHMAFR06T ON MARS 


Dumyne M. Anderson 

State University of New York at Buffalo 


Terrestrial permafrost varies widely In Its physical and 
mechanical properties and behavior. Ice content, for example, may 
range from 0 to 100%. Moreover, the Ice cont^t of permafrost Is only 
a fraction, albeit the predominant one, of the total water content. A 
significant fraction of the total water present exists In an unfrozen 
state and Is distributed throu^Kxit the pore space and Interfaclal 
volianes. The proportion of Ice to unfroze water varies In a 
characteristic manner with temperature and solute concentration. 
These basic f»:t8 determine, for example, the strength and deformation 
properties of permafrost and also Its hydrological and electrical 
properties. Reliable relationships among these prc^rtles are 
derivable from basic thermodynamic theory and from empirical 
relationships recently establl^ied by laboratory and field data. 

Permafrost exists at all latitudes c»i Mars. The tenqjeratures and 
pressures characteristic of the various locations and regions 
determine, to a large extent, the depth and dlstributi(» of permafrost 
and together with ground water salinity, control its Ice ccmtent, 
strength and deformation characteristics, hydrological and electrical 
prc^rtles, etc. Caiculaticms based on the Viking Mission Data 
results Indicate that permafrost thicknesses range from about 3.5 
kilometers at the equator to approximately 8 kilometers In the polar 
regions. The depth to the bottom of Martian permafrost are more than 
three times the depths characteristic of permafrost In terrestrial 
polar locations. Martian permafrost Is much colder than terrestrial 
pennafrost. Consequently, the prc^rtlon of unfroz^i water to Ice Is, 
in general, much lower. This, however, may be somewhat offset by the 
hlfidier salinity of Martian permafrost. The conft>ination of low 
temperatures and great thicknesses of Martian permafrost, coupled with 
the low atmospheric pressure and very small snowfall, enhance the 
stability of the Martian s*irface. The “active layer" <» Mars is 
extremely thin conyxtred to that of terrestrial permafrost, making 
Martian permafrost much more resistant to erosional processes than Is 
the case on Earth. 
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ICE-WEDGE POLYGONS, BAYDJARAKHS, AND ALASES IN LUNAE PLANUM AND CHRYSE PLANITIA, 
MARS. George A. Brook, Department of Geography, University of Georgia, Athens, 
Georgia 30602 

Based upon the estimated temperature regime permafrost must exist every- 
where at shallow depth below the Martian surface. Furthermore, the 
morphological evidence, including patterned ground, possible thermokarst 
depressions, massive slumps (chaotic terrain), and rampart craters (1, 2) 
strongly suggests the present or former existence of considerable volumes of 
ground ice. At the present time water in the form of ice could exist in 
equilibrium with the atmosphere in the polar latitudes to approximately ± 40“ 

(3) and meandering stream channels are persuasive evidence that water was much 
more common at or near the Martian surface in the past. 

Two landforms common in terrestrial permafrost areas, namely ice-wedge 
polygons and thermokarst alases, have attracted a great deal of attention 
because morphologically similar forms have been identified on Mars. Polygonal 
patterns on the Martian surface are abundant throughout the northern latitudes. 
Individual polygons, however, range from 2-20 km in diameter and most are 
therefore much larger than terrestrial examples which rarely exceed 100 m across 

(4) . Black (5) points out that on Mars the reduction of gravity to a tenth of 
that on Earth would permit some enlargement of polygons but not to ten times 
the size. Although it is likely that Martian ice-wedge polygons could exceed 
100 m in diameter, the larger features identified are more likely to be 
developed in rock rather than in ice-rich sediments, and may have formed in 
response to tectonic tensional stresses (6). 

Depressions that resemble terrestrial thermokarst alases in morphology and 
size have been identified in Chryse Planitia in a tableland comprised of layered 
deposits (1) and in suspected aeolian deposits in Lunae Planum (7). In both 
areas depressions have flat floors, steep sides, and circular to irregular 
planimetric outlines. Coalesced forms are common. In addition, Theilig and 
Greeley report that in the Lunae Planum examples, a knobby texture tends to 
occur along the sides which may indicate areas where the process of alas forma- 
tion did not go to completion. If these Martian depressions are indeed alases, 
the various stages of development from ice-wedge polygon tc ’as topography 
should be evident. Neither Carr and Schaber nor Theilig at eeley report 
having seen the full range of forms typical of alas topograp. ^ on Earth. 

As described by Soloviev (8) development of terrestrial alas topography 
begins with the formation of high centered polygons and intersecting networks 
of trough-like depressions as the polygonal system of ice-wedges begins to thaw. 
Further melting deepens the troughs causing the sides of the polygons to slump 
and to form conical mounds called baydjarakhs. As degradation continues the 
baydjarakhs collapse and decay with the formation of uneven-floored depressions 
(dujodas) within the baydjarakh field. Continued collapse ultimately produces 
circular to oval depressions with steep sides and flat floors (alases). 

Detailed examination of Viking orbiter images of the areas of Lunae Planum 
and Chryse Planitia previously examined by Theilig and Greeley (7) and Carr 
and Schaber (1) has revealed landforms typical of the various stages of alas 
development on Earth. The sequence of forms is best seen on Viking image 8A74, 
which covers a small part of Chryse Planitia (Fig. 1). In this area light-toned 
polygonal patterns 0. 1-1.0 km in diameter are visible adjacent to several flat- 
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floored, steep-v, ailed depressions which resemble alases. The polygons appear 
to be of the low-centered variety and intersect the walls of some depressions 
(e.g., at A and B in Fig. 1). Their scale is only slightly larger than ice- 
wedge polygons on Earth suggesting that they may have been produced by thermal 
contraction of ice-rich sediments. Small-scale polygonal patterns are also 
visible on Viking images 3A72 and 34A83 of Chryse Planitia. 

Polygons 250 m across at location C in Figure 1 are high-centered and form 
a knobby terrain where they merge with a flat-floored depression to the west. 

The topography at C is similar to knobby terrain around the margins of flat- 
floored depressions in Lunae Planum (7) and closely resembles terrestrial 
baydjarakh topography produced by degradation of ice-wedge polygons. Individual 
knobs in Lunae Planum (Viking images 74 A09 and 74A10) are 0. 4-1.0 km across 
and are therefore of comparable size to knobs and polygons in Chryse Planitia, 
and to small-scale, low-centered polygons 0. 4-1.0 km across at 17.6°N, 57.0°W 
in Lunae Planum (9). 

The sequence of landform development in Lunae Planum and Chryse Planitia 
from small-scale, high- and low-centered polygons, through knobby terrain 
resembling baydjarakh topography, to flat-floored, steep-walled, rimless 
depressions similar to alases and alas valleys, exactly parallels landform 
evolution in terrestrial ice-wedge thermokarst regions. Moreover, morphologically 
similar landforms on Earth and Mars have comparable dimensions. This similarity, 
and the presence of wel 1 -developed rampart craters near possible thenr.Dkarst 
topography in Chryse Planitia, suggests that the sedimentary blankets in 
Lunae Planum anC Chryse Planitia presently contain (or once contained) large 
volumes of ground ice, and that ground ice degradation has produced thermokarst 
features. 
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Fig, 1 Ice-wedge thermokarst in Chryse Planitia, 
Mars, (a) is part of Viking orbiter image 8A74, 
(b) is a morphologic map of the region. Low- 
centered polygons at A and B intersect the walls 
of alas-like depressions. High-centered polygons 
at C resemble terrestrial baydjarakh topography. 
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GROUND ICE AND DEBRIS FLOWS IN THE FRETTED TERRAIN, MARS 

Baerbel K. Lucchitta, U.S. Geological Survey, Flagstaff, AZ 86001 and 

J. H. Persky, Dept, of Geology, Boston University, Boston, MA 02216 

The highland boundary in Protonilus and Deuteronilus Mensae is 
dissected into flat-floored valleys and angular mesas, the so-called 
fretted terrain. Sharp (1) attributed its origin to the sublimation of 
ice on scarps, mass wasting, and possibly removal of the material by 
wind. Viking pictures show debris with apparent linear flow markings in 
valleys and below scarps. The inferred mass movement was attributed oy 
Carr and Schaber (2) to gelifluction and by Squyres (3) to rock-glacial 
flow. The present study, based on an examination of Viking images, 
offers a new interpretation for the origin of fretted terrain. 

Our study confirms previous observations which noted that debris 
blankets extend, on average, no more than 20 km from the scarps (3,4). 
Because the debris blankets are young and too small to account for scarp 
retreat of more than about 5 km, Squyres (3) proposed that the major 
dissection of the fretted terrain belonged to a former epoch and was 
done by a different mechanism, and that the presently observed mass 
movement is only a minor reactivation of erosion on the scarps. He 
believed that the origin of the debris blankets is the result of 
incorporation of seasonal frost into talur that then flowed from the 
scarps like rock glaciers. We disagree with the view that a different 
mechanism was responsible for the formation of fretted terrain in the 
past and that seasonally added ice is the mechanism responsible for the 
flow of debris. Even though trunk valleys such as Mamers Vail is may 
have formed when water erosion played a significant role in the past, 
the major dissection of the highland scarp into fretted terrain has 
probably been due to the same debris-flow process that we observe 
today. Moreover, seasonal frost appears to be insufficient to act as a 
lubricant. Reasons for these assertions are given below. 

1) The seasonal water frost observed at the Lander 2 site is very 
thin and sublimated after some months (5). Percolation of this water 
into a talus pile is unlikely under present martian conditions. Squyres 
(3) visualized burial of such frost layers, but burial would imply rapid 
talus accumulation; such rock piles, however, would dilute the ice to an 
extent that would prohibit effective lubrication and flow of rock 
glaciers. 

2) Most tributary canyons to fretted channels are filled with 
young lineated debris whose surfaces are graded toward the main 
channels. The debris comes from round, cirquelike valley heads that 
apparently extended headward by sapping. This sapping process and the 
accompanying debris flows created the fretted channels that we see 
today; there is no reed to call on a former different process for the 
formation of older fretted channels. Also, the typical angular shape of 
outlying mesas appears to be a direct result of the rapid removal of 
material from cliffs by debris flows; again, the shape of the scarps and 
the flow of debris appear to be intimately related, and a different 
mechan’sm for the original formation of the angular mesas seems 
unlikely. 
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3) Bent and tilted surface layers at the edge of scarps, and 
layers collapsed over linear troughs Indicate that subsurface material 
was removed. Such removal could have been by flow or by loss of 
substance to the ground or the atmosphere. In either case, the presence 
of ice would facilitate the removal of material; ice would lubricate 
rocks and promote flow or ice would sublimate or melt. Thus, it is 
likely that the ground in the vicinity of the fretted terrain contains 
ice. Such ice, freshly exposed in steep scarps, could have mobilized 
the material in the sharps, and served as lubricant for the rock-glacial 
flow. 

4) The volume of material removed from tributary canyons is larger 
than that deposited in debris aprons in the main channels. Similarly, 
as pointed out by Squyres (3K the volume of material removed from 
isolated mesas is not matched by the volume in debris blankets 
surrounding the mesas. Additionally, elongate and enclosed troughs 
contain debris blankets, but, because of the enclosure, the loss of 
material cannot be due to flow. In all the above cases there is a 
problem with the mass balance; because the deposits are too small, one 
infers that material disappeared. Erosion by wind has been cited 
previously (1) to account for the loss. However, even though fine-scale 
wind features can be detected on very high-resolution pictures, the 
overall landscape does not suggest intensive erosion by wind; for 
instance, parallel ridges and gullies typical of wind erosion in 
Memnonia and the Valles Marineris are absent, instead, the landscape is 
dominated by smoothly curved debris aprons with flow-1 ineated surfaces 
and broadly scalloped scarps indicative of mass wasting processes. Wind 
erosion appears to have been restricted to the lifting of fine materials 
already chemically disintegrated or mechanically dispersed. Our 
preferred explanation for the loss of large amounts of material from the 
debris blankets is that the blankets contained more ice than previously 
thought (30 percent estimated by Squyres (3)) and that, perhaps, they 
are more like glaciers than rock glaciers. The ice could disappear 
eventually by sublimation into the atmosphere or by percolation into the 
ground at the base of the aprons. Because we believe, as pointed out 
above, that the ice in the aprons is derived from ground ice, it follows 
that the ground underlying the fretted terrain is also highly charged 
with ice. 

Squyres (3) noted that debris aprons on Mars are concentrated in 
two latitudinal belts; the belts, about 25" wide, are centered on 
latitude 40° N and 45° S. He attributed this zoning to climatic control 
and the acquisition of seasonal frost. We agree with the climatic 
control but disagree with the frost hypothesis, and we offer an 
alternative explanation. According to Farmer and Dorns (6), ice at a 
depth of about 1 m is in equilibrium with the atmosphere north and 
southward of 40° lat. This latitude coincides roughly with the belt 
occupied by the debris blankets, and in this region, near-surface ice 
could remain In the ground for an extended period of time. Farther 
south, in the equatorial area. Ice exposed In scarps would sublimate 
from the ground and the scarps would stabilize through the shedding of 
talus; farther north, the temperature would probably be too cold to 
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permit glacial or rock glacial flow. Ir. the latitudes of the fretted 
terrain, where the debris blankets occur, conditions would permit both 
retention of near-surface Ice In the ground and movement of Ice-rich 
material. 

Thus, the following setting can be envisioned for the formation of 
the fretted terrain: Ice-rich ground underlying scarps of tectonic or, 

perhaps, ancient fluvial origin became mobilized and the Ice-rich debris 
flowed away under Its own weight, resulting In collapse of the scarps or 
undermining and sapping at valley heads. The collapsed material also 
became mobilized giving rise to continued fresh exposures on scarp 
surfaces and continued retreat of the scarps. Many years of exposure of 
the flowing material to the atmosphere eventually caused sublimation of 
the Ice; the small amounts of rock contained In the debris blankets may 
have disintegrated and been dispersed by the wind. The young age of the 
debris blankets suggests that the process that formed the fretted 
terrain Is currently active (3). If this process were rapid, then the 
fretted terrain would be young; If this process were slow, which Is more 
probable under present martian environmental conditions, then the 
Inception of the formation of fretted terrain could be old. The process 
could also have been Intermittent and related to astronomical climatic 
cycles. Further study may shed light on these alternatives. 
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DOWNWARD-TRAVELLING INFRARED FLUX AT THE MARTIAN SURFACE FOR PAST CO,/H,0 
ATMOSPHERES 

Gary D. Clow, U.S. Geological Survey, Menlo Park, CA $4025 

The urclan polar laminae and quaal-dendrltle valley networks indicate 
Chat the climate of Mars has changed with time. The morphology of the 
valley networks is most consistent with formation by running water [ 1 ]. 
Although periodic orbital variations may cause the iiurface pressure to 
oscillate between <1 mb and 20 mb as CO. is exchanged between Che regollth, 
atmosphere, and polar caps [2,3], such variations cannot induce climate 
change of the magnitude neceasary for the fonaatlon of valley networks. 
Despite occasional midday equatorial temperatures above 273*K [4], the 
present climate is simply too cold to supply enough liquid water to support 
valley network formation. Wallace and Sagan [5] found that the evaporation 
race of ice is sufficiently slow even with the present martian climate that 
liquid water could flow beneath a 10 to 30 m thick ice layer for hundreds 
of kilometers with discharges on the order of 10“^ m^s"^. However, the 
source of the running water remains a problem. Although the melting of 
subsurface ice or permafrost by geothermal activity may have supplied water 
for some valley networks [5], nearly all the valley networks are restricted 
to the old cratered terrain and they themselves probably ceased to form 
shortly after the decline in the Intense bombardment 3.9 billion years ago 
[ 6 ]. As discussed by many authors, a greenhouse effect may have enhanced 
surface temperatures during a period of high surface pressure, to the point 
that liquid water could exist on or in the ground that might subsequently 
run off or seep into the valley networks. A comparison of the volatile 
inventories of the terrestrial planets by Pollack and Black [7] showed that 
the equivalent of from 1 to 3 bars of CO 2 Bay have been outgassed from 
Mars. Pressures of at least 500 mb are required for the mean global 

surface temperature to reach 273*K with a CO./H.O greenhouse effect 
[3,8,9]. 

The thermal structure of the lower atmosphere, the disposition of 

volatiles in the soil, and the evaporation rates of surface water ice and 
CO 2 frost, all partially depend on the exchange of energy at the ground- 
surface Interface. The downward-travelling infrared flux emitted by the 
atmosphere is likely to have been a significant component of the surface 
energy balance for past martian climates. To aid in the study of near 
surface processes, the downcoming IR flux from the atmosphere reaching the 
ground (l^) was calculated for various surface pressures and temperatures 
for atmospheres composed primarily of CO 2 with traces of water vapor. Carr 
[10] is currently Incorporating the effect of I^ , a term that was Ignored 

in the study by Wallace and Sagan [5], into his investigation of the 

stability of ice overlying running water. In the calculation of I 4 . , each 
atmospheric level was assumed to emit black-body radiation at the local 
temperature. Absorption of the propagating radiation by CO 2 and H 2 O 
molecules was approximated through the use of absorption tends that were 
modified from those used by Hoffert et al.[9] to yield the band 
absorptances for doimvard-travelling radiation and to guarantee that the 
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absorption of upward- and downward-travailing IR radiation would ba tha 
same whan traversing tha sane ataospharic path. Tha bands include tha 
effects of tha IS Ua fundaaantal transition of C02> the hot bands of CO 2 «t 
10 and 15 pn, tha rotation bands of H 2 O froa 18 to 100 pa, and the a-typa 
<;ontlnuua of H 2 O froa 8 to 12 pa. Atapspherlc pressure was assuaed to 
decrease exponentially with altitude using a scale height appropriate for 
CO 2 while the H 2 O vapor pressure was scaled with the fourth power of 
ataospharic pressure. The relative hualdlty was assuaed to be lOOZ at the 

surface for this set of caluclatlons. In an atteapt to duplicate the 
approximate radiative equlllbrlua conditions for the present aartlan 
ataosphere, teaperatures were assuaed to drop exponentially with altitude 
to a Halting value of 160*K (7SX of the effective planetary teaperature, 
212*K) with a thermal scale height of 40 ka. 

The calculated downcoalng Infrared fluxes (1.) sho%m In figure 1 
along with the envelope of values for mean global ^surface teaperature as a 
function of surface pressure as deteralned by Cess et al.[8], Hoffert et 
al.[9], and Pollack [11]. As expected, I Is a rapidly Increasing function 
of surface teaperature which Is in turn an increasing function of surface 
pressure. The downcoalng IR flux approaches the values for the upward- 
travelling Infrared flux emitted by the ground as surface pressure 
Increases, when the ground teaperature and the surface air teaperature are 
equal. For situations where the ground temperature Is significantly below 
the mean surface air teaperatur<>, such as for soils at night or small 
bodies of surface ice, the difference between the upward- travel ling IR flux 
from the ground and the downcoming IR flux from the ataosphere can become 
quite small. The value of I associated with the mean global qurface 
temperature exceeds the current mean absorbed solar flux (113 V/vr) for 
surface preesures greater than 100 mb. However, much of the solar flux is 
absorbed by the atmosphere. Assuming ^n atmospheric optical depth of 0.3, 
the mean global solar flux absorbed by a soil with an albedo of 0.2 is 
about 90 W/m^ trtiile that for thick ice %rlth an albedo of 0.5 is about S3 
W/m^. Although the downcoming infrared flux Is small in comparison with 
the absorbed solar flux for the present climate, it was an important 
component of the surface energy balance if the surface pressure ever 
exceeded 30 mb on Mars. 
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plains RIDGES: INDICATORS Of OOMPRESSIONAL STRESS ON THE MOON, MARS AND 
MERCURY 


A. Maxwell, National Air and Space Museum, Smithsonian Institution, 
'.'ashlngton, D.C. 20560 

The morphology and orientation of planetary ridge systems have been 
studied locally in detail but also provide evidence of conpressional stress 
on a global scale. Th< se ridges, similar to lunar mare ridp-*'*: or wrinkle 
ridties, are here called "plains ridges" for applicability to the Moon, as 
well as Mars and Mercury. Plains ridges can be used for both qualitative 
.'•ti.. ;uantitative estimates of the extent and magnitude of compression 
o:ciirring after periods of plains volcanism. On the Moon, ridges formed 
primarily in late Imbrian through Eratosthenlan time (3.8 to 2.0 b.y.), as 
judged from crater counts, correlation with Apollo ages, and superposition 
of mare basalt units in v^ich they form. On Mars, ridges surrounding the 
Tharsis volcanic province occur on plains of the Hesperian system, roughly 
th.u equivalent of the Eratosthenian system on the Moon (1). Mercurian 
ridges in intercrater plains are often gradational with the more well-known 
scarps, and formed after the period of high impact bcn,bardment, but befc-e 
the Calorls basin ( 2 ). Independent of age, the orientations of plains 
ridges are useful for determining the geographic extent o. local, regional 
and possibly global compressive stress. 

Local Effects . The rims of partially and complecely burled craters provide 
one example of the influence of subsurface structure and topog.'aphy on the 
formation of plains ridges. Such ridge rings may be used to estimate the 
minimum thickness of superposed plains, since the unit must be greater than 
the rim height of the underlying crater. Ridge rings on the Moon ana Mars 
are morphologically identical (3), and generally occur in regions of thin 
volcanic fll) (although a notable exception' is the Lamont structure on the 
Moon). Mapping of plains ridges surrounding the Tharsis region of Mars 
indicates that ridge rings occur predominantly on the eastern edge of the 
Lunae Palus and Goprates ridged plains, and suggest a minimum thickness of 
about 1 km for volcanic plains in this region. The geologic setting and 
radar topography for north-south oriented ridges in eastern Goprates pro- 
vides further evidence for local effects. Although the main ridge systems 
south of Valles Marineris are developed on plains that slope gently to the 
west, those in eastern Goprates (50* to 57*W longitude) occur in a 
topographic trough aligned north-south with an axis at 55*W (see Figure 16 
in reference 4) It is likely that ridge formation here was aided by sub- 
sidence of plains material, similar to methods proposed for lurar basins, 
but resulting in linear north-south trends rather than the concentric and 
radial arrangements of ridges in lunar basins (5). 

Regional Stress Indicator 's. Ridge systems within multi-ring basins indi- 
cate the importance of both radial and concentric compression that accom- 
panied the downdropping of the central basin fill (6, 7). Several 
geometric models for crustal shortening due to basin subsld.nce and global 
compression have been proposed, incl’ Ung collapse of the fill from a 
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spherical to planar surface (8), reduction of circumference due to inward** 
dipping bounding faults (6)| and combinations of local and global **scale 
compression on a bending plate ( 7 $ 9)« In contrast to the dominantly cir- 
cumferential pattern of ridge systems of multi-ring basins on the Moon and 
the Caloris basin on Mercury, ridges within martian basins are cc trolled 
primarily by regional and possibly global tectonic forces* Circumferential 
or arcuate orientations of ridges are present surrounding the basin edges 
of seven martian basins, edthough those closest to the Tharsls region are 
strongly influenced by regional compression generated by the Tharsis load* 

The deg'-ee of correspondence between the modeled stress field and 
actual ridge orientations has been quantitatively compared east of the 
Tharsis province (5). Comparison of ridge orientations in Lunae Pal us and 
Coprates to a Tharsis center at 1®N, 122®W (10) indicates that more than 
60% of the total length of ridges is orthogonal to a normal from this 
center* Mon-orthogonal ridges ere seen to have general northerly orien- 
tations after i ‘innval of the Tharsis orthogonal population* Comparison of 
the frequency oc orthogonal aud non-orthogonal ridges further suggests that 
loading due to the Tharsis riateau was effective in producing compressional 
features as :ar as 4000 km from the center of the load; additional sources 
for compressional stress are necessary to account for ridge system^^ at 
greater !is:an^es from the Tharsis plateau. Further studies are in 
progress to deterrine whether there is any systematl' trends of those ridge 
systems that do not conform to model ea stress orientations on both the ik)on 
and Mars* 

Global Compre s sion * Ir order to account for the :ss of northerly- 
trending ridge*- in lunar basins (11), and the pronounced northerly trend of 
ridges on Mar^ after removal of those orthogonal to Tharsis (5), global 
scale E-W compression has been suggested as a ^ robable source mechanism* 
Prelirai:iary estimates of linear shortening in martian ridged plains and 
lunar basins indi*:ate values of 0.5 to 1*5% strain based on simple fold 
models, although greater values are possible if significant thrust faulting 
has occurred. If the strain represented by lunar basin ridge systems were 
averaged over the entire Moon, these values would suggest a decrease of 
radius on the order of 15 km, an order of magnitude greater than that esti- 
mated for Mercury (2). Consequently, the delineation of local and regional 
sources for compressive stress is an important prerequisite to estimating 
the amount of strain represented by ridge systems. 
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STRAIN ESTIMATES FOR THE RIDGED PLAINS OF MARS: EVIDENCE OF COMPRESSION 
IN THE OOPRATES QUADRANGLE 

Thomas R« Watters and Ted A« Maxwell, National Air and Space Museum, 
Smithsonian Institution, Washington, D.C. 20560 

The compressional ridge systems surrounding the Tharsis province of 
Mars comprise some of the most interesting structural features on the 
planet. The intensity and complexity of the systems are best represented 
in the Cbprates and Lunae Palus quadrangles. Saunders and Gregory (1980) 
measured the spacing of ridges in various localities in these regions. 

They suggested that a Biot (1961) type dominant wavelength of folding 
(Figure 1) could account for tne observed mean ridge spacing. Biot*s 
theory involves the folding of a viscoelastic media in response to 
compressive stress. The dominant wavelength (Ld) of a single folded unit 
of thickness (h) is related to the ratio of the viscosity of the folded 
unit (n) to that of the underlying unit (nj) by the following equation: 

Ld = 2irh ^n/3^ 

Using thicknesses for the plains unit obtained from methods of DeHon 
(1979), Saunders and others (1981) used this relationship to show that the 
ratio of ridge spacing to plains thickness is approximately 30, 
corresponding to a viscosity ratio (plains to substrate) of 500. 

With appropriate assumptions, Biot*s theory of folding may be more 
extensively applied to the ridged plains to provide estimates of 1) the 
strain represented by the ridges, 2) the viscosity ratio between plains and 
substrate, and 3) the thickness of the plains unit. If any two of the 
three variables are known, and ridges in the region represent a single 
folded unit, then the third factor can be calculated on the basis of this 
model. In order to estimate the degree of strain in the ridged plains, both 
the height and width of the ridges must be determined. The ridge height 
can be calculated from Viking orbiter images using a sine function 
involving the width of the shadow and the solar incident angle. 

Measuretaents of two parallel ridges, 63.2 km apart in SW Goprates 
(measurements were made from a 4X enlargement of Viking frame # 608A45) 
indira e heights of 410 and 440 meters. Comparison measurements made using 
pixel, listings support the measurements from the prints. Assuming the 
ridges are simple symmetric folds (Fig. 1), the cross-sectional area of 
the fold was estimated by multipying Vl the width of the ridge by hel^^ht. 

The volumetric strain (AV/V) was calculated for a range of plains thickness 
(0.5-2. 5 km) for one wavelength. A range of approximately 0.5 to 2.5% 
strain was obtained. This strain estimate is independent of viscosity 
contrast, but as shown, is dependent on thickness of the folded layer and 
dominant wavelength of folding. 

Using Blot’s theory it is possible to calculate the viscosity ratio 
(n/np for a given thickness holding Ld constant. Viscosity ratios for 
thicknesses with an Ld of 40, 63.2, 80 km were calculated (Fig. 3). The 
most realistic range of viscosity ratios (500-3000) suggests a thickness of 
1.0 to 2.0 km for the plains unit in Cbprates. The selected range of 
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viscosity ratios seems reasonable since as Saunders and Gregory (198U) 
pointed out, the ridged plains (most likely volcanic in origin) are 
probably underlain by an extensive rcgolith with a low effective viscosity 
relative to the plains unit. The resulting thickness value, however, is 
greater than the 0.5 km estimated by DeHon (1981), but agrees with a 1.5 km 
estimate by Ssunders and Gregory (1980'^ for W. Solis Planum. A thickness 
of between l.O and 2.0 k«« suggest a strain of between 0.6 and l.lX (Fig. 

2 ). 

These strain itlmates may be further tested using the Biot theory. 

Once a dominant wavelength of folding Is established, the degree of de- 
velopment Is depends it on the extent of amplification (Ad) of the 
wavelength. The amount of amplification represents the factor by which a 
fold of a given wavelength Is multiplied after a period of time. The 
amplification Intensity at any one time (1q) during the fold history Is 
calculated with respect to a time (tj) when the layer has been shortened 
251 and Is related by the following equation: 

lose Ad “ to/ti(n/3ni)"^- - x/25(n/3ni)^^^ (2) 

where x Is the X strain at time t^. An upper limit of 25Z strain is chosen 
since strains exceeding this amount would erase all effects of folding 
(Blot, 1%1). Using this equation, strain for a range of viscosity ratios 
and amplification factors were calculated (Fig. 4). Based on strain of 
0.6 to 1.1% calculated above, a viscosity contrast of approximately 3000 
satisfies the largest range of amplification factors (Fig. 4). 

In oincluslon, preliminary studies of the ridged plains In SW Ooprates 
indicate: 1) ridge heights of approximately 400 m; 2) the plains unit Is 
between l.O and 2.0 km thick; 3) the viscosity ratio between the plains 
unit and the substrate Is approximately 3000; and 4) the strain recorded In 
the ridges Is between 0.6 and 1.1%. Other methods to estimate strain are 
under investigation to provide checks on the Internal self-consistency of 
this model. 

Supported by NASA Grant NAGW-129. 
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RIDGES RELATED TO IMPACT CRATERS AND BASINS ON MARS 


Chicarro A. F. and Masson Ph. > Laboratoire de G^ologie Dynamique 
Interne, (ERA 804/02), University Paris-Sud, 91405 Orsay, France. 

Most large (over 100 km) impact craters and basins on Mars exhibit 
numerous positive structures in their floor material (1). In contrast to 
the relative concentricity to the basin rim of most mare wrinkle -ridges 
on the Moon, impact structures ridge patterns on Mare show a greater 
variety of structural directions (2, 3). 

In Schiaparelli basin for instance (4), almost all ridges are randomly 
oriented (few showing a NW trend), and there is also a non' oriented 
pattern in the ridged plains north of the basin (fig. 1). In other cases, a 
clearly concentric pattern can be seen, such as in Huygens and Herschel 
basins. Then, other ridge systems transect basins without altering their 
directions like in Copernicus, thus showing a structural pattern which 
prooably respond to regional compressive stresses. 

Small craters (50-100 km), also exhibit some ridge patterns in their 
interior (fig. 2), and in some cases, ridge formation has been altered by 
the existence of a crater, as some ridges tend to iollow the rim crest. 

Therefore, ridge formation seem to be a common phenomenon in crater 
floor material, as all basins and many impact craters are ridge bearers. 
Even Argyre, a supposed ridge -free basin, shows a couple of ridges in 
the northern and eastern parts of the basin, which do not seem to have 
been covered by recent floor deposits (fig. 3). Naturally, those are not 
to be interpreted as the sinuous ''polar-like'^ structures one can see in 
the southern part of the basin. 

So, why crater floor material tend to show a ridge morphology when 
deformed ? Concentric ridge patterns may suggest (as on the Moon), that 
this material is relatively thick (several hundred meters), and then may 
be deformed by subsidence due to the crater filling material load. And in 
the much more frequent crossing or randomly oriented patterns, subsidence 
may play a role but cannot account for the whole deformation. 

Then, we may suggest that the smooth, relatively young, and probably 
fine grained crater floor material (which may be interpreted as aeolian 
and/or volatile rich deposits (5, 6)) is more likely to show a ridge 
morphology in response to local or regional compressive stresses, than 
the crater surroundings material. However, flow deposits in bounded 
chasnia, which may be comparable to crater filling m Aerials for their 
physical properties, are rarely ridged. 

Therefore, ridges are probably net the only morphological feature respon - 
ding to compressive stresses. But it seems that certain materials (e.g. 
crater floor filling material), tend to be deformed as ridges, rather than 
other more resistant units, which may not respond the same way to 
compressive stresses. 
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Figure captions : 

fig. 1: Schiaparelli basin, 500 km across, showing an almost randomly 
oriented ridge pattern (locally NW trends are visible). 

fig. 2: Ridges located in the old terrains of Aeolis quadrangle (207*, -12’), 
transecting young crater floor material without altering 
significantly their original direction. 

fig. 3: Oblique view of the northern part of A r gyre Basin, showing an 
important ridge which probably has not been covered by younger 
floor deposits, or has been made visible by erosion. 

(Viking Orbiter picture n* 079 A 21). 
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COMPARATIVE GEOLOGY OF ORIENT ALE, CALORIS, AND ARGYRE BASINS 


THOMAS, P. G,, MASSON, Ph., Laboratoire de Geologie Dynaroique Interne 
(ERA 804/02), Universite Paria-Sud, 91 405 ORSAY Cedex, France. 

The geologic and tectonic mapping of three large impact basim-Orientale 
on the Moon, Caloris on Mercury, and Argyre on Mars- is undertaken at the 
Laboratoire de Geologie Dynamique Interne (Universite Paris-Sud, Orsay, 

France) in cooperat . i with the U. S. Geological Survey, Branch of Astrogeo- 
logic Studies (Flagstaff, Az.). The shaded relief maps 0:5,000,000 scale, 
Comparative Planetology Series) of these three basins are used as base .aaps 
(1). (2), (3). 

The Orientale and Caloris stratigraphy is now well known (4), (5). The 
outer limit of the transient cavity is characterized by ’’massif and blod<y” 
mountains up to 1 or 2 km above the surrounding terrains : the M^rtes Rock 
formation (Oirentale), and the Caloris Montes formation (Caloris), The tran- 
sient cavity is surrounded by ejecta olankets which show hummocky or radial 
facies. The Argyre stratigraphy established from Viking images is apparently 
different of the s^^ratigraphy Based on Mariner 9 images (6), and does not 
look like its lunar and mercurian counterparts. There is no radial facies, 
and only few patches of hummocky facies are observed around Argyre, But, 
the ’’massif and blocky” facies appears to be more important than on Mercury 
and on the Moon. This facies is 300 km wide (equivalent to 1 transien.t cavity 
radius), and apparently shows blocks and ridges separated by rectilinear 
troughs (fig. 1). The directions of the ridges and of the troughs seem to 
indicate that they are not resulting of ejecta deposition, as the Hevelius 
formation’s on the Moon, but that they are controlled by faults. This indica- 
tes that the Argyre blocky facies is not the result of an overturned flap, 
as proposed for the Orientale Montes Rook formation (5), but that it corres- 
ponds essentially to the preimpact faulted basement. 

The three basins are surrounded by concentric scarps, usually interpre- 
ted as gravity slumping downward an inward the transient cavity. Importance 
and distribution of the scarps differ in the three basins : Orientale shows 
one continuous scarp, a weak and discontinuous scarp is seen around Caloris, 
and numerous and discontinuous scarps surround Argyre (fig. 1). 

The outer scarp surrounding areas of Orientale and Caloris do not 
show basin related tectonic features. But, the Caloris ejecta exhibit uplifted 
and downwarped blocks (7), indicating important tectonic movements directly 
or indirectly related to impact mecanisra (8). 

Argyre interior is completely embayed by recent plains material and does 
not show any tectonic features related to impact mecanism. The Orientale non 
more flooded interior shows elongated and complexly fractured domes produced 
by compressional stress during the final stages of the cratering sequence. 

The Caloris floor is intensively ridged and fractured by tectonic movements. 

It has been proposed (8) that these tectonic features could be the consequen- 
ce of Caloris radius shortning under global compression of the mercurian 
lithosphere. 
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Despite of their morphologic similarities i the detailed comparative 
geologic and tectonic studies of Orientale, Caloris* and Argyre basins show 
important differences due to external factors (martian erosion) and to inter- 
nal evolution (crustal and lithospheric properties). 



• limit of the transient cavity ^ ^ * 

concentric scarp 300 km T 

}T“ \ "massif and blpoky" facies | 


fig 1 COMPARATIVE STRUCTURAL MAPS OF ARGYRE.ORIENTALE AND CALORIS 
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STRUCTURAL CONTROL OP GEOMORPHIC FEATURES IN THE KASEI VALLIS 
REGION OF MARS 

R. Craig Kochel and Cynthia H. Burgess, Department of 
Environmental Sciences, University of Virginia, 
Charlottesville, VA 22903 

Schumro (1974) suggested that large Martian outflow ) v 

channels such as Kasei Vallis may have a structural origin 
related to regional tectonic processes. Baker anu Kochel 
(1979) suggested that outflow channels may have initially 
inherited their geometry from structural features and were 
extensively modified by later catastrophic flooding. 

Major geomorphic features of this region include: outflow 
channels with grooved floors, streamlined hills in outflow 
channels, lunae planum plateau material which served as host 
terrain, and craters. Major structural elements visible in the 
region include: NE-SW trending grabens, N-S trending wrinkle 
ridges, sapping channels extending away from channel 
escarpments and on channel floors, and major fracture systems 
of undetermined origin (probably joints) . Figure 1 is a 
simplified geomorphic map of the study area showing these 
structural and geomorphic features. Details of these features 
is found in Baker and Kochel (1978,1979) . 

Orientations of these features were measured from Viking 
images and are summarized in Figure 2. Comparison of Figures 
1 and 2 indicate that only a fair correlation exists between 
orientations of major straight outflow channel segments and 
major fracture and graben systems. The poor correspondence 
may result from the local variation in fracture orientations 
over the region (Fig. 2). Large-scale outflow channel 
orientaMons appear most closely alligned with graben trends 
(Fig. 1) , which may suggest that originally found more 
accessable outlets through grabens but were inhibited by the 
normally trending wrinkle ridges. Baker and Kochel (1979) 
have shown that although some wrinkle ridges appear to 
post-date channeling, most were formed prior to the channeling 
episode and served as flow obstacles. As expected, tensional 
fractures (grabens) ano compressional features (wrinkle 
ridges) exhibit an orthogonal relationship and both have very 
well-defined trends. Features interpreted as sapping channels 
show some correlation to graben orientation and regional 
fracture patterns. This may be indicative of 
structurally-controlled groundwater flow patterns through 
zones of enhanced secondary permeability. 
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Figure I. Simplified geomorphic map of western Kasei Vallis. 
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Figure 2 , Rose diagrams of azimuthal orientations of 
geomorphic and structural elements in western Kasei Vallis. 
Data is grouped in 5 degree intervals. Plots in the outlines 
area are local fracture patterns. Plots oiut'ide the area are 
data from the entire study area. 
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l^ artian Global Tectonics 

.ichard A. Schults and Michael C. Malin, Department of Geology, Arizona 

State Universfty, Tempe, AZ 85287 

Scarps, Tidges, and graben within the ^clvily cratered terrain of Mars 
define distinct groups of structural trends on a regional scale, and a 
pattern of crustal deformation on a global scale. These trends are the 
result of regional deformation of tb** crust , rather than the imposition of 
a single planetwide stress system. Centers of deformation are spatially 
related by a systematic global pattern. As the relative ages of measured 
structures seem to generally predate both the emplacement of Lunae Planum- 
aged volcanic units and the structural and volcanic activity near Tharsis, 
this structural pattern is thought to reflect a fundamental global organi- 
zation of volcanic and t>>cl ic activity. This pattern was established 
early in martian history , and served to localize subsequent crustal modifi- 
cation. The earliest 'lanifestation of this pattern was in primarily mechan- 
ical deformation of tu« crust. This was globally asymmet'^ic and most 
intense in the northern tnfrd of the planet; it guided the formation of the 
planetary dichotomy boundary, much of the original structure of the asso- 
ciated fretted terrain and, in addition to local volcanism, may have con- 
tributed to the NE-SW asymmetry of the later Tharsi'' -related graben sets. 

The other major phase of activity was primarily thermals this produced the 
extensive, volcanic plaii s of Lunae Planum-age near Tharsis and, to a lesser 
extent, in Syrtib Major and Hesperia Planitiae. Subsequent, more local 
activity along this global pattern seems to have contributed to plains 
volcanism southwest of Hellas, constructional volcarl.sm in the Tharsis 
region, and modification cf surface landforms in areas of fretted terrain. 
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FRACTURE ORIENTATIONS IN THE IHARSIS PROVINCE OF MARS 

R.Bianchi, M. Fulchi gnoni and R.Salvatori, Istituto di 
Astrofisica Sp«»ziale del C.N.R., viale dell ’Universita* 11 
00185 Roma - Italy 

The martian region Tharsi s-Valles Marineris, because of its 
peculiar volcanic structures, has been carefully investiqa 
ted by many authors. Several tectonic structures near Thar 
sis Plateau, as graben, suggest an evident relation betwe- 
en vu vjnism and tectonism. Morphologic studies have been 
carried out on the region Tharsis- Val les Marineris (1,2), 
and the obtained results made it necessary to further in- 
vestigate the tectonism of this region, in order to clari- 
fy the geologic ,jvolution of the whole planet. The study 
of the lineaments of Mars (3,4), allowed scientists to out 
forward the hypoteses that a certain mechanism of plate te 
ctonic took place on Mars. On the other hand the study of 
fractures and ridges orientation in this region (5,6,7) m£ 
de it possible to guess that geologic evolution occurred 
under different circumstances. The solution of the prob- 
lems concerning the correlation between surface stress di- 
rections and the orientation of tectonic features would e- 
nable the scientific community to reconstruct the geologic 
evolution of the whole planet. Different types of stres- 
THARsis- VALLES MARINERIS REGION ses have distur- 

bed the surface 
producing exten- 
sive and compre^ 
sive tectonic fe 
atures. The fra- 
cturing modality 
es in the region 


Fig. 1 - Geogra- 
phical distribu- 
tion of all the 
fractures . 
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Tharsis-Valles Marineris can be related both to the possi- 
ble stresses caused by the ancient mantle movements and to 
the load of the volcanic material on the surface. The area 
surrounding the volcanic region of Tharsis probably prese- 
nts all the features oroduced by the tectonic events that 
determined the current aspect of the region. The distinc- 
tion between different types of fracture systems would be 
very important to gain further information on the orienta- 
tion and nature of the stresses that characterized the re- 
gion during its history. In order to attempt a preliminar 
distinction among fracture systems in more significant di- 
rections we have statistically examined 6723 fractures in 
the region limited between 170° and 40° long, and *50" lat. 
(fig. 1 ) . In a previous 
work (7,8), using azimuth 
frequency and cumulative 
lenghts diagrams, we found 
a main azimuthal trend in 
a N-S direction and a se- 
condary one along an F-W 
axis. In fig. 2 is repor- 
ted the frequency distri- 

Fig. 2 - Fracture azimuths 
frequency distribution. 

THARSIS-VALLES MARINERIS REGION 






Fig. 3 - Fractu- 
re orientated 
along the dire- 
ction 28°*3°fron 
North . 
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THARSIS-VALLfS MARINERlS REGION 



the angular interval was chosen to be just larger than the 
instrumental error due to the digitizing operation, i.e.+3? 
Gaussian distributions were fitted to the peaks in the fra- 
cture azimuths histogram obtaining several directional fam- 
ilies. Assuming the mean value the instrumental error) 
of each gaussian curve as the statistically significant ori^ 
entation we extracted the fractures belonging to each fami- 
ly, For example, in fig. 3 and 4 are shown two groups, res- 
pectively along the directions 28°*3° and 13°*3° from N. 
Examining the geographical distribution of the fractures in 
each direction and considering the mutual distances among 
fractures in the areas where they are more frequent it is 
Dossible to attempt some speculation on the fracturing mo- 
dalities in Tharsis region. 

Re f erences : 1) Blasius K.R. et al.(1977) J . Geophys . Res . 82, 
4067. 2) Lucchitta B.K. (1979) J . Geophys . Res . 84, 8097. 

3) Masson P. (1977) Icarus 30, 49. 4) Masson P. (1979) The 
Moon and the Planets 22, 212, 5) Wise D.U. et al. (1979) 
Icarus 38, 456. 6) Maxwell T.A. (1982) Proc. 13^^ Lunar 
and Plan. Sci. Conf. in press. 7)Salvatori R. et al.(1981) 
NASA TM 84211, 386. 8) Salvatori R. et al . (1982) submit- 
ted to Icarus. 
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STRUCTURAL CONTROL OF SAPPING VALLEY NETWORKS ALONG VALLES 
MARINERIS, MARS 

R. Craig Kochel and Allan P. Capatr Department of 
Environmental Sciences, University of Virginia, 
Charlottesville, VA 22903 

Valles Narineris is widely accepted to be of structural 
origin. Support for this interpretation is provided by the 
parallelism of extensive graben systems along the southern rim 
of the canyon. Considerable geomorphic modification has 
occurred along the canyon escarpments since their formation. 
This modification is apparent as extensive landslides, slumps, 
flows, and talus accumulation (Lucchitta, 1979). A simplified 
geomorphic map of the study area including the western chasms 
is shown in Figure 1. Crudely dendritic networks of deep 
blunt-end valleys have developed along the canyon rims (Figure 
1) and have been interpreted as having formed by groundwater 
sapping processes. These sapping networks are particularly 
well-developed along the northern rim of Valles Narineris. If 
these channels were formed by groundwater sapping it is likely 
that they would show a strong structural control because of 
structural effects such as increased secondary permeability 
along fracture/fault zones. To determine if the proposed 
sapping channels are structurally controlled the orientations 
of 257 channels and 147 grabens were measured and compared 
(Fig. 2). From Figure 2 it can be seen that when all sapping 
channels are included in the data there aren't any clear 
trends or correlations with structure. However, if the 
smaller sapping channels less than 15 kilometers long are 
filtered out of the analysis a clear orthogonal set of 
orientations is visible (Fig. 2) . Although the channel trends 
do not correspond precisely with the graben orientation 
trends, there is a strong suggestion of structural control in 
the orthogonal pattern. This pattern is similar to patterns 
developed in joint-controlled drainage networks on earth. 

A fair correspondence exists between the overall graben 
trends of WNW-ESE and NE-SW and sapping channel orientations 
of NE-SW and NW-SE. Some of the deviations from perfect 
correspondence could be explained by modification of sapping 
valleys by mass wastage processes and the effects of secondary 
fracture systems unrelated to the grabens. Viking frames used 
to prepare Figure 1 show clear evidence at several locations 
of sapping channels that have extended headwardly along the 
axis of grabens along the southern rim of Valles Narineris. 

References: 
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Figure 2. Rose diagrams of azimuthal orientations of sapping channels 
and grabens in western Valles Marineris. Data was organized in 5 
degree groupings. 


ALIGNED SUBSIDENCE DEPRESSIONS IN THE VICINITY OF CERTAIN 
MARTIAN VAT.LEYS 

J. Steiner, C. Sodden and D. Weiss, Department of Earth and 
Planetary Sciences, City College of CUNY, New York, 

N. Y. 10031 

Large valley forms, commonly with amphitheater terminations, 
dissect the steep walled escarpment of the northern plateau 
terrain. Elongate graben-like and monocline -like forms which 
contribute to the formation of patterned ground on highlands 
(figure 1) , comprise a subset of structures which logically 
relate to the development of valleys. To these elongate 
features may be added the tendency for depressional basins, 
impact craters, and subsidence depressions to be elongate in 
a systematic manner in relation to major lineations. 

Of particular importance in this regard are subsidence basins, 
characterized by steep-walled boundaries, flat floors, and the 
absence of ejecta blankets, which occasionally offset ejecta 
of adjoining impact craters (1). These basins can be separ- 
ated into two major groups: relativexy small diameter basins 
which punctuate the floor of upland terrains, and distinctly 
larger basins which can be included in the beds of sinuous 
valley channels. These latter features, together with channels, 
define much of the discernable accordant lowland surface which 
abuts highland rocks. About 3500 of these and related basins 
have been digitized according to various parameters of morph- 
ology in an attempt to arrive at meaningful discriminations 
between basin forms. 

The degree of elongation of basins can be expressed as the 
eccentricity of the basins in relation to an ellipse (2) , 
and plotted as a vector whose direction is that of the major 
axis, and whose length is defined as the eccentricity (e = c/a) 
of the ellipse. Figure 1 shows a vector field made up of all 
vectors related to the more obvious subsidence basins, as 
presently recognized. It is readily apparent that the basins 
0.1 highlands in the vicinity of the valley walls comprise a 
set conformable to that of basins on the lowlands (e.g. within 
sinuous channels, or, in other locations, at levels close to 
valley floors) . This set of vectors is also subparallel to the 
east-west direction of the valley floor (mosaic unresolved to 
true north) . Thusly, there appears to be an evolutionary 
relationship between subsidence depressions and large valleys. 

Valley formation and headward erosion have been related to 
sapping at the headwalls (3,4). It has also been speculated 
to occur along valley walls and portions of the major escarp- 
ment (5) . Present observations suggest that depletion of the 
Plateau terrain may occur internally as well as marginally. 
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and that basin form growth may involve the production of the 
large subcircular forms visible in sinuous channels. In this 
context, graben-like features may reflect subsidence struc- 
tures which in general have a transverse orientation in 
respect t*^ vectors. 
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Figure 1. Map of eccentricity vectors connected to subsidence 
basins in fretted terrain at 38N 345W. Alignment 

of vectors subparallel to the traced east-west 
valley relates subsidence to valley forms. 
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PRELIMINARY SURVEY OF KNOBS ON THE SURFACE OF MARS-. 

L. S. Manent, National Air and Space Museum, Smithsonian Institution, 
Washington, 0. C. 20560, and Farouk E1>Baz, Itek Optical Systems, 

Lexington, MA. 02173 

Positive isolated features or knobs have been observed on Mars 
since Mariner 9 first photographed the planet in 1972. More recently, 
the Viking Orbitors photographed the surface at increased resolution. 

With the use of Viking photomosaics, a systematic search for these 
features was completed. Data collected on the knobs are from U.S. Geo- 
logical Survey ohotomosaics at 1:2,000,000 scale (Figure 1). Of the 68 
mosaics, 19 contained isolated positive features. These mosaics cover 
the Diacria (MC-2), Arcadia (MC-3), Mare Acidalium (MC-4), Cebrenia 
(Mc-7), Amazonis (MC-8), Syrtis Major (MC-13), Elysium (MC-15), Aeolis 
(MC-23), and Noachis (MC-27) regi:>ns. 

The knobs were characterized by length (long axis), width 
(perpendicular to the length at widest point), geographic location, prox- 
imity to streaks and geologic surroundings. These knobs occur in three 
surface units: a) the lowlands, consisting of plains material, b) a 

rugged upland terrain, and c) the plains/highlands border areas. 

The Diacria Quadrangle (MC-2) contains knobs in the smooth and 
mottled plains unit, which dominates the area (Morris and Howard, 1H81). 

The knobs are disseminated throughout the northern part of the quad 
between 140°W and 160°W, and are relatively small. Their average length 
and width is 4.8km and 3.6km respectively, with a length to width ratio of 
1.34. The knobs are more rounded but elongate ones are oriented south to 
southwest. Wind streaks are not prominent but Thomas and Veverka (1979) 
indicate a southerly wind regime, based on global wind streak directions 
(Figure 2). There is an area of knobby terrain in the southwest section 
of the quad that extends to the Elysium volcanic province. These knobs 
are surrounded by plains material, but form a r’.jgged upland terrain. 

They are associated with old crater rims and wails. They are slightly 
larger with an average length and width of 6.2km and 4.8km and the same 
proportion of rounded to elongate forms. Morris and Howard (1981) in- 
terpret these as remnants of ancient crater terrain that was dissected by 
faults and fractures and embayed by plains units. 

Eastward in the Arcadia Quadrangle (MC-3) in the northern 
section, small knobs are also disseminated throughout. Along 50°N in the 
northeast section of Arcadia, large isolated knobs are present at the 
northwest edge of Tempe Plateau in the etched-upland material. Knobs in 
this region have an average length and width of 13km and 8.8km respective- 
ly, and a length to width ratio of 1.56. They are more elongate than 
those in the plains material and are oriented in a southw-rsterly direction. 
Global distribution of wind streaks indicate a south to southwest wind 
direction (Figure 2). Structural trends in the area are also to the 
southwest. The knobs are probably fracture-controlled erosional remnants, 
with wind as a modifier of their forms. 

In the northeast section of Mare Acidalium (MC-4), knobs are 
present in the mottled plains material with average length and width of 
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5.4km and 3.6km. The length to width ratio is 1.5. Streaks are absent but 

knobs are oriented in a southerly direction. In the plains material in the 

southeast section, knobs are scattered throughout, and their average length 
and width is 4.1km and 3.3km. Similarily in the south-central section, the 
knobs are scattered and small in size, with an average length and width of 

4.8km and 3.4km. However, in the southeast section, there are also some 

knobs forming a rugged upland terrain that are closely spaced and slightly 
larger. Their average length and width is 5.8km and 4.2km. 

In the Cebrenia Quadrangle (MC-7), knobs occur along the eastern 
side in the Phelegra Montes and surrounding hilly terrain. They are 
grouped together in an uplifted area of an intensely cratered ancient 
surface that has been degraded. Their average length and width in the 
northeast is 8.72km and 6.48km, and in the southeast 6.92km and 4.9km. 

In the south-central part, scattered smaller knobs without streaks occur 
with an average length and width of 5.19km and 3.52km. 

Knobs occur in the western half of the Amazon! s Quadrangle (MC-8) 
in a rugged upland terrain forming parts of old crater rims and walls. 

Their average length and width is 6.9km and 4.8km in the northwest and 
5.3km and 3.6km in the southwest. Streaks are abundant in the area and 
show a southwest wind direction. Similarly, the knobs have a southerly 
and southwesterly orientation. 

In the Elysium Quadrangle (MC-15) knobby landforms occur in 
highly cratered and rugged terrain that extends in an arc from the south- 
central part to the northeast part of the quadrangle. Northeast-trending 
streaks are present throughout and are concentrated in the Cerberus region. 
The average length and width of the knobs in the northeast is 7.0km and 
4.8km, in the southeast 5.7km and 3.9km, and in the southwest 6.3km and 
4.6km. Length to width ratios are 1.58, 1.52, and 1.58 respectively. 

Knobs are present along the plains/highland border of the 
Aeolis Quadrangle (MC-23). These are significantly larger and appear to 
have been produced by erosional retreat of the boundary scarp (Scott, 

Mo.rris and West 1978). Their average length and width is 11km and 9.1km 
and their length to width ratio is 1.58. These knobs are oriented in a 
northwest-southeast direction. 

In the Noachis Quadrangle (MC-27), knobs are located in the 
transitional zone between Hellespontus and Hellas, in the ancient 
cratered highlands of Mars. These knobs are the largest, with average 
length and width being 12.5km and 8.5km. Length to width ratio is 1.55. 
These knobs are generally oriented in a northwest-southeast direction. 

These observations suggest that in the plains region, northern 
hemisphere of Mars, knobs are disseminated throughout and are signifi- 
cantly smaller than anywhere else on Mars. They are commonly less than 
5km in diameter and tend to be oriented along the global wind regime. 
Streaks are not dominant in the region. North of the plains/highland 
boundry in a rugged upland terrain region, knobs are slightly larger and 
associated with streaxs. They are commonly between 5km and 10km in di- 
ameter. Faulting, fracturing, slumping, and wind erosion appear to be 
the knob-forming processes. Knobs along the plain/highland border and 
highland terrain region are larger and more structurally controlled, with 
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the wind being a secondary eroding process. They are generally concen- 
trated in groups and larger than 10km in diameter. Splotches are present 
but no streaks are associated with the knobs, 

References; , 

Thomas. P. and Veverka, 0., 1979, OGR, vol. 84, no. B14. 

Morris, E. C. and Howard, K. A.. 1981, U.S.G.S. map 1-1286 (MC-2) 

Scott. 0. H., Morris, E, C. and West, M. N., 1978 U.S.G.S. map I-III (MC-23) 




rw) 











b 

L 

m 


■ 

L 

— — I — t 








Location of positive isolated features 
■ Knobs present No knobs present 


9 

^ 

* 


«— * ■ 

• *■ • ft*;* 





t *v\ •? i 


Figure 2. Global distribution of wind streak direction plotted from 
Viking data, ♦-Bright streaks; * dark, erosional streaks; ♦^dark, 
splotch-associated streaks. 
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HARS: SUBDIVISIONS OF HIGHLAND ROCKS 

David H. Scott > U.S. Geological Survey, Flagstaff, AZ 86001 

The highland terrains of Mars Mere onl^ coarsely subdivided Into 
four basic rock units during the Mariner geologic-mapping program. 

Other geologic units were recognized In the highlands from the Mariner 
Images but were more or less ubiquitous to the planet as a whole. 
Geologic mapping and paleostratigraphic studies currently In progress 
have revealed many new highland rock units end have allowed the further 
subdivision of others. Figure 1 lllustrat . the general relations 
between the Viking map units and those previously established from 
Mariner pictures; these units are presently assigned only provisionally 
to the martian time- strati graphic systems. As on other planetary maps, 
the names of the various rock units reflect their most outstanding 
observable physical features but not necessarily their primary surface 
forms or constructional morphologic characteristics. 

In many places, boundaries bet»t«en units are not shcrp contacts but 
represent gradational zones whose surfaces show varying degrees of 
modification by resurfacing and fracturing. The plateau units (fig. 1) 

G enerally exhibit a regular transition between the hilly (r cratered 
pic), and smooth (pis) materials that suggests Increasing amounts of 
volcanic or eollan deposits. The ridged plateau (plr) and ridged plains 
(pr) units, on the other hand, may have different origins. Ridges 
within the plateau material typically are more prominent, broader, and 
more nearly resemble elongate mountain chains than their plains 
counterparts. The plalns-type ridges, also, are more likely to occur In 
topographically low areas, where they »ppear to be associated with 
infilling materials, such as lava flows. Although the end members of 
these two ridge-forming units are readily distinguishable, gradations 
between them are common, and In such areas their asslgnmer.:: to one or 
the other particular type Is less reliable. 

Another, possibly unique, problem of ridge Identification has 
arisen In the Lunae Planim region. Here, the ridge systems resemble 
typical plalns-type wrinkle ridges; the agos of the ridges, however, as 
determined by crater counts (1), are consistently older than those of 
the smooth plains that encompass them. These ridges may belong to the 
older ridged plateau unit, whose surface has been mostly burled oy later 
lava flows; the exposed narrow crestal parts of the plateau ridges 
/‘esemble those more typical of the plains. 

Several new plains units (Atp. 3} have been mapped In the Tempe 
Terra (lat 40* N. , long 75* W.) part of the highlands. These units 
appear to be embayed In places by early lava flows from Tharsis Montes 
and thus may be slightly older than the Amazonian system to which they 
have been assigned; possibly, the age of these units should be 
designated Amazonlaii-Hesperlan (AH). 

The oldest appearing martian rocks (unit Nbc) are exposed along the 
southern part of Claritas Fossae (lat 30* S., long 100* W.). In this 
general region, they also occur as Islands of rugged mountains 
surrounded by lava flows of Tharsis Montes. In places, this basement 
complex Is also gradational with other units, particulary the hilly 
plateau (Nplh) and fractured plains (Npf^) materials. 
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Figure 1. Subdivisions of major highland geologic units from Mariner and 
Viking mapping. Correlations shown are only approximate; some of the 
new (Viking) map units occur within more than one of the original Mariner 
units shown on the 1:25 million-scale geologic map of Mars (2). 
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COMPUTER ENHANCEMENT AS AN AID TO THE INTERPRETATION 
OP GEOLOGIC FEATURES ON VIKING IMAGERY: ORIGINAL PAGE IS 

A PRELIMINARY PROGRESS REPORT OF POOR QUALITY 

Ba8kervllle» Charles A., U.S. Geological Survey, 

952 National Center, Reston, VA 22092 

I 

Initial analysis of Viking Orblter scenes suggested the 
presence of subtle tonal differences that might be 
expressions of geologic features* Digital-image processing 
was used to adjust the scene contrast as an aid to the 
interpretation of a subset of frame no* S34A04* The 
computer programs used are part of the Office of Remote 
Sensing of Earth Resources (ORSER) package developed at The 
Pennsylvania State University for enhancement of 
multispectral images recorded from aircraft and the Landsat 
and Skylab satellites (Turner and others, 1978; Sabins, 

1978)* 


In the standard, unenhanced scene, which was recorded 
in the 555 - 650 nanometers (K* Klaasen, personal commun* , 
1982) wavelength region, a bright linear zone was noted 
along the middle of a valley wall* This feature was 
interpreted tentatively as a lithologic unit* However, in 
the contrast-enhanced image (Llllesand and Kiefer, 1979) 
this feature was determined to be a topographic bench* 
Apparently, the strata above the bench have eroded more 
rapidly than the lower strata, possibly suggesting a 
lithologic difference* 

Other tonal features of pbssible geologic importance 
(Verstappen, 1977) will be analyzed using the ORSER program* 
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1.-53AA0A Apparent bright stratigraphic 
valley wall indicated by arrow in low 
of scene* 
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Chapter 10 

REMOTE SENSING AND REGOLITH STUDIES 



SIR-A IMAGES REVEAL MAJOR SUBSURFACE DRAINAGES IN THE EASTERN SAHARA: 
APPLICATIONS TO MARS 

J* F. McCauley, G* G* Schaber, C« S* Breed, and M. J. Groller, U.S. 
Geological Survey, Flagstaff, AZ 86001 

The Shuttle Imaging Radar (SIR-A), carried on Columbia In November 
1981, penetrated the extremely dry Sellma Sand Sheet and associated 
dunes and drift sand of the Eastern Sahara to reveal previously unknown 
burled valleys, geologic structures, and possible stone-age occupation 
sites. Radar responses from bedrock and gravel surfaces beneath several 
centimeters to possibly meters of windblown sand delineate sand- and 
alluvium-filled relict stream valleys, some nearly as wide as the Nile 
Valley and perhaps as old as middle Tertiary (fig. 1). Underflt and 
Incised wadis, many superimposed on the large valleys, represent the 
effects of Intermittent running water, probably during Quaternary 
pluvial episodes. 

The presence of these otherwise Invisible drainage networks beneath 
the eolian veneer (fig. 2) was suspected on the basis of earlier field 
and Landsat studies of the Gilf Keblr region. There numerous steep- 
walled Incised dry wadis debouch from a dissected plateau onto the 
surrounding desert plains, from which nearly all traces of former 
flt^lal activity have been eroded or burled by wind (Breed and others, 
1982; McCauley and others, 1982a, b). In the Eastern Sahara, the size 
and regional extent of old burled fluvial networks has now been 
confirmed by radar Images. Radar-brightness units were mapped, using 
techniques first applied to lunar mapping (McCauley, 1967), these maps 
show a terrain formed under earlier, less arid climatic conditions 
(McCauley and others, 1982a, b). The now-vanished major river systems 
revealed by SIR-A probably accomplished roost of the eroslonal stripping 
of this now extraordinarily flat hyperarld region. 

The presently hyperarld Eastern Sahara provides numerous analogs 
for surface geologic processes and land forms on Mars, Including relict 
fluvial channels, yardangs, dunes, conical hills, and pitted rocks 
(McCauley and others, 1979, 1980, 1982a; Groller and others, 1980; Breed 
and others, 1980, 1982; Groller and Schulte jann, 1982). Most of these 
features are of hybrid origin and reflect an Interplay of wind with 
episodic running water and with mass wasting. The Eastern Sahara, 
though on a much shorter time scale, clearly shows the effects of eolian 
takeover of a previous fluvial terrain, as described for Mars. 

The theoretical penetration of sand (or ice) by radar depends on 
the wavelength and Incidence angle of the radar beam (In the case of 
SIR-A, 24 cm and 47° at the surface) and on the electrical properties of 
the material, which are largely determined by soil moisture (Chllar and 
Ulaby, 1974; Elachl and others, 1982). The calculated depth of radar 
penetration of dry sand and granules, based on laboratory measurements 
of the electrical properties of samples from the Sellma Sand Sheet, Is 
at least 5 m. Penetration of dry sand by Imaging radar thus provides a 
new tool for geologic Investigations of hyperarld regions whose 
palimpsest fluvial features are obscured by a veneer of dry (or frozen) 
sediment. A similar Imaglng-radar experiment for Mars should result In 
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hitherto unknown views of the martian terrain beneath the polar icecaps 

and the eolian dust blankets and dune fields that presently obscure much 

of its surface* 
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Figure 2. Landsat Image of 
area of figure ! at same 
scale shown on radar 
image > Large valley is 
obsc urec by sand sheet 
and dunes. Faint trace 
of sand-filled incised 
channel is v Islble at B- 


Flgure 1. SIR-A Image showing 
20-km-wlde valley with a 
stubby beveled tributary 
(at A) and much smaller 
superimposed channels at 
B and C. Note fans (arrows). 
Al? these fluvial features 
are bailed beneath a veneer 
of windblown sand (see 





SIR-A RESULTS FROM COASTAL NORTHERN CALIFORNIA. 


J.B. Plescia and R.S. Saundera, Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, CA 91109 

Two SIR-A images of the coastal northern California area were acquired during 
the STS 2 flight in November 1981, during orbits 20 and 21 and are referred to 
as takes 24A and 24B respectively. 

The northern coast of California is a heavily forested area composed 
predomlnantely of Mesosoic clastic marine units. Most notable of these units 
is the Franciscan complex which has been interpreted as a subduction 
complex. The Franciscan lies between Tertiary-Cretaceous elastics to the west 
and Paleozoic elastics and alluvium of the Sacramento Valley to the northeast 
and east. Contacts between each major units are generally tectonic rather 
than depositional. Faults within the region are generally northwest striking 
(N20-30^) paralleling the coast. The most important structural feature is 
the Coast Range Thrust %ihich forms the eastern margin of the Franciscan 
units. The Coast Range Thrust, and other associated thrusts in the 
Paleozoics, trend east to northwest and dip north to northeast. 

Major contrasts in radar reflectivity are largely confined to the area 
underlain by the Franciscan units. Within that region eloi^ate zones and 
smaller rectangular patches of low reflectivity occur. Many, but by no means 
all, of the elongate zones occur along ridge crests. These low reflectivity 
zones may be areas which have been deforested exposing the ground surface. 

The smaller rectangular patches generally have their long axes oriented north 
to northwest. These may reflect outcrops of ultramafic serpentine-rich rocks 
which commonly occur In the Franciscan. The ultramafics do not support 
substantial forest growth. Other reflectivity contrasts are associated trith 
the courses of the larger rivers which cross the region. All are marked by 
low return. This is most likely due to flat valley bottoms filled with fine 
grained material of much smaller size than the radar wavelength. 

We have examined the azimuthal distribution of lineaments observed between the 
coast and the westttrn margin of the Sacramento Valley from both strips. This 
was done in order to compare the lineament observed on the radar with the 
known structure of the region. 

Few mapped faults were directly observable on the radar image. Only the Coast 
Range Thrust is readily identifiable apparently because of its correlation 
with the south fork of the Trinity River. The absence of identifiable faults 
on the radar image may result from several Interrelated causes. First the 
region is heavily forested and therefore the ground is not exposed, thus any 
reflectivity contrast between rock types across a fault %diich might produce a 
lineament are hidden from view. Secondly, all the rock types in the region 
are fairly similar marine elastics and probably would have low reflectivity 
contrasts. Finally the stuctures do not seem to have produced pronounced 
topographic expressions which would result in observable lineaments. 

There are some examples of correlations between lineaments and features 
observable on the ground. Along the coast, within the Tertiary-Cretaceous 
elastics, a series of short lineaments broken by numerous canyons which cut 
the coastal region parallel the coast. These lineaments can be correlated 
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with bedding «iithln the clastic section* Distinct bedding apparently occurs 
only within the Tertiary-Cretaceous section and not within the Franciscan to 
the east. \ second series of lineaments which occur along the western margin 
of the Sacramento Valley can also be correlated with sedimentary bedding* 

Here the Cretaceous clastic section has been uplifted exposing bedding in a 
curvilinear pattern along the margin of the valley* The lineaments observed 
closely parllel the outcrop pattern of the unit* 

Three types of angular frequency histograms were prepared from the data. 

These include a) the number of lineaments independent of their length as a 
function of azimuth^ b) the same data weighted for length of the lineaments 
and c) only those lineaments greater than 5 km length* Figure 1 illustrates 

the histograms of lineaments greater than 5 km length for takes 24A and 24B. 

The average directions for each of these analysis is listed in Table I in 
terms of direction relative to the flight line and to geographic north. The 

majority of lineaments are oriented at an angle of approximately 50^ to a 

direction parallel to the flight track (40^ from a normal to the flight 
track). As the two orbit flight tracks differ by approximately 20® in 
orientation (N7g®E vs* N100®£)| hence the lineaments seen on them are not 
oriented in the same direction* The observed difference is well outside any 
probable error in such an analysis. Additionally none of these directions are 
similar to the generally N20-23®W orientation of the structural features 
observed in the region. Such a distribution of lineaments suggests that they 
are not a direct result of structure but rather are an artifact in the data* 

The results observed here indicate that extreme caution must be exercised when 
attempting to map structural features in such regions from radar images* 
Similar results to those resented here» that all lineaments do not represent 
real structure, has also been reported by Elder et al * , 1974 and Johnston ^ 
al*, 1975* 
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TABLE I 



Number 

Length weighted 

Length 

5ka 


Take 

relative 

abaolute 

relative 

absolute 

relative 

absolute 

orbit 

24A 

55° - 58° 

N47°W - 20°E 

0 

1 

o 

N48°W - 22°E 

53° - 61° 

N49°W - N17°E 

N78°E 

24B 

0 

1 

o 

o 

N31°W - 50°E 

0 

1 

o 

o 

N31°W - 50°E 

50° - 45° 

N30°W - 55°E 

N100°E 
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Figure 1 . Angular frequency histograms for all lineaments greater than 
S km length for coastal northern California from takes 24A 
(top) and 24E (bottom). 



MARS SURFACE PROPERTIES FROM VIKING BISTATIC RADAR 
Richard A. Simpson, G. Leonard Tyler, and H. Taylor Howard 

Center for Radar Astronomy, Stanford University, Stanford, CA 94305 

Data from Viking bistatic radar observations at \ = 13 cm wavelength 
have been fitted to power spectrum templates calculated using the Hagfors (J. 
Geophys. Res ., 69. 1964) scattering function 

* (cosS + C sin^e)"^/^ 

Surface roughness estimates from this analysis (Table I) agree closely with 
values obtained from earth-based observations (Downs et , I carus. 26, 1975; 
Simpson et a1 ., Icarus , 36, 1978) where ground tracks*Tntersect — in cratered 
terrain as well as In plains. There are no striking correlations between the 
radar results and photogeology. This reaffirms our earlier conclusion (Simp- 
son ^al., Icarus. 32. 1977; Icarus. 1982) that processes which dominate 
Mars suTface texture at scales important to radio wave scattering (<100 m) 
cannot be easily inferred from orbital images. 

Values of surface roughness determined using the Hagfors function are 30- 
40% lower than those derived previously with gaussian templates (Simpson and 
Tyler. Icarus . 46 . 1981). Previously published estimates from the permanent 
north polar cap should be reduced, therefore, to about 2®. Inversions of 
power spectra (Fig. 1) suggest that o^(C.e) only adequately describes sur- 
face tilt on Mars. There is usually a” higher proportion of surface elements 
with near-zero tilts than the Hagfors function would predict. On the moon 
Ou(C,tt) was judged the best of three functions (gaussian, Hagfors, and ex- 
ponential) in comparisons with radar data (Simpson and Tyler, IEEE Trans ., AP- 
30, 1982). The difference on Mars may be the way in which aebl ian and other 
processes modify the small-scale surface structure. 

Comparison of roughness estimates from data in which two approximately 
equal orthogonally polarized echoes were received shows no significant differ- 
ences in the spectra of the two components. Separation of the echo into de- 
terministic (polarized) and random (unpolarized) components showed occasional 
presence of the latter. In particular, near (72®W, 17°S) where Downs et al. 
(Icarus . 26 , 1975) reported detection of a depolarized echo, we found unpolar- 
ized echo power. Though existing models are inadequate for quantitative in- 
terpretation of polarization data there is general agreement that unpolarized 
and depolarized power indicates the presence of blocks or other irregular 
structure on the surface. 


Fig. 1 - Tilt probability 
density function for Chryse 
Plunitia Viking Lander 1 site. 
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TABLE I 


Surface Roughness from Viking Bistatic Radar 
Ten^late Fits Using Hagfors* Scattering Law 

(arranged approximately In order of decreasing latitude) 


Area 

OOY* 

Ground 

Start 

“W “N 

Track 

Stop 

“H *N 

Roughness 

(deg) 

North Polar Cap 

020 

129.60 

85.38 

175.59 

88.70 

1.7910.11 

South of VL-2 

016 

239.64 

34.33 

230.39 

37.41 

4.9810.95 

Olympus Hons 

066 

142.23 

25.75 

132.10 

34.04 

7.6713.46 

VL-1 

038 

45.55 

21.33 

46.95 

23.55 

4.4210.18 

Tritonis Lacus 

343 

247.52 

250.26 

18.28 

21.85 

249.43 

250.11 

20.03 

23.90 

4.1510.18 

1.7810.08 

Syrtls Major 

042 

291.11 

8.98 

298.98 

9.57 

1.18 to 0.46 

Lunae Planum 

029 

51.53 

8.42 

69.62 

9.80 

4.99 to 2.29 

Arsla Hons 

001 

125.46 

-13.85 

131.18 

-9.32 

8.0011.32 

Apolllnarls 

324 

166.33 

-19.86 

167.88 

-13.13 

3.1610.44 

359 

193.29 

-21.86 

190.57 

-16.26 

2.3310.24 

Sinal/Solls Plana 

045 

80.46 

-25.07 

73.92 

-13.34 

1.01 to 2.04 

006 

83.16 

-24.27 

78.12 

-17.20 

0.99 to 1.84 

Soviet Site 

339 

26.65 

-24.56 

22.72 

-21.73 

4.8210.09 

Hellas 

002 

295.96 

-46.25 

300.50 

-37.24 

3.97-7.95 


042 

295.14 

-49.90 

294.54 

-45.46 

3.3410.53 

3.4010.64 


• Day of year. Day numbers larger than 300 were from 1977; the remainder were 
1978. 

** Generally givon as a mean value and standard deviation — e.g. i 
“5.6810.54.“ High and low values along the ground track are Indicated by 
“3. 97-7. 95;“ assume considerable variation. An approximately monotonic 
trend from ground track start to stop Is Indicated by “3.40 to 4.27.“ Dual 
entry for Hellas 042 gIveQ results derived Independently from two polariza- 
tions. 
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ANALYSIS OF THE APOLLO LUNAR SOUNDER EXPERIMENT DATA - A PROGRESS REPORT. 
V. L. Sharpton. 0. W. Head, Depart, of Gf'ologlcal Science*., BroMn University, 
Providence, RI 02912, and R. W. Shorthlll, Univ. of Utah Research Institute, 
Research Park, Salt Lake City, UT 84108. 

Background ; ALSE was a three channel, synthetic-aperture radar experl- 
inent In operation during orbits 16, 17 and 18 of the Apollo 17 mission [1,2]. 
The primary objective was to detect variations In the lunar subsurface 
electrical properties and thereby determine subsurface layering and structure. 
The HF-1 channel (X « 5m) provided the deepest subsurface sounding. 

Processing ; All HF-1 raw data signal film was transformed to holographic 
format using coherent optical-processing techniques [3]. Unlike photographs, 
holograms preserve the full dynamic range and phase Information of the 
processed data. A specially designed hologram viewer [2] allows the observer 
to adjust the Doppler bancKrIdth and magnify the reconstructed radar Image on 
a viewing screen. These Doppler- filtered Images can then be photographed 
and mosaicked. 

Interpretation ; Early digital and holographic analysis Illustrated 
that radar data collected during a single lunar orbit was not efficient to 
determine subsurface reflections from off-track surface clutter. In order to 
reduce this ambiguity, a multiple orbit data correlation technique was de- 
vised which involved comparing the holographically processed radar data from 
two adjacent E-W orbits and filtering out those reflections which did not 
occur in both orbits at the same time delay (depth) ano azimuth (longitude) 
[5]. This technique was tested for traverses across Marie jerenltatls and 
Crisium. Spatially coherent radar returns were detected across both maria; 
two horizons In Serenltatis and one In Crisium [4]. Calculations of power 
reflection coefficients Indicate that these radar horizons are most likely 
regollth layers Interbedded with more massive lithologies [4]. The subsur- 
face horizons In Mare Serenltatis have recently been assigned to major strati- 
graphic boundaries on the basis of detailed surface analysis, thus permitting 
the structural and stratigraphic evolution of the basin to be better 
ascertained [5]. 

Present Investigation ; The ALSE coverage Included a number of mare 
regions in addition to Serenltatis and Crisium; the north flank of Mare 
Vaporwn, the southern shelf of Mare Imbrium and an extensive traverse across 
Oceanus Procellarum. We have recently undertaken an effort to analyze these 
remaining ALSE data In holographic format and correlate the data between 
adjacent orbits. The hologram viewer at the University of Utah has been 
reassembled and fine tuned. Second and third generation signal and hologram 
film for all lunar regions covered by ALSE has been examined and catalogued. 
We have conducted test runs for the traverse (orbit 17) across Oceanus 
Procollarum in the vicinity of 5®N, 50*W and are currently analyzing these 
images. 

References ; [1] R. 0. Phillips, et al. (1973) Apollo Lunar Sounder 

Experiment In Apollo 17 Preliminary Science Report , NASA S P -330 , 22-1--22-26. 
[2j L. J. Procello et a1. (1974) Yne Apollo Lunar Sounder Radar System, Proc. 
IEEE, 62, 769-783. I5j L. J. Cutrona et al . (1966), On the application of 
c^erent optical processing techniques to synthetic-aperture radar, Proc. 

IEEE , 54, 1026-1032. [4] W. J. Peeples et al. (1978) Orbital radar evidince 
for lunar subsurface layering In Marla Serenltatis and Crisium, Joum. Geop hy. 
Res. , 83, 3459-3468. [5] V. L. Sharpton and 0. W. Head (1982) Stratigraphy 
an^structural evolution Mare Ser«*r.itat1s; A reinterpretation based on Apollo 
Lunar Sounder (ALSE) data, Journ. Geophy s. Res ., In press. 
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CLASSIFICATION OF SURFACE UNITS IN THE EQUATORIAL RFGION OF MARS 
BASED ON VIKING ORB I TER COLOR, ALBEDO, AND THERMAL DATA 
R.E. Arvidson and E.A. Guinness, McDonnell Center for the Space 
Sciences, Washington University, St. Louis, Missouri 63130 


A considerable amount of Viking Orbiter data now exists that is 
pertinent to understanding the distribution of surficial and perhaps 
bedrock units on Mars. The most applicable data sets consist of 
three color (0.45 to 0.59 micrometers) image data (Soderblom et al., 
1978), together with thermal inertia estimates and broadband (0.3 to 
2.5 micrometers) albedo data derived from the Infrared Thermal 
Mapper (Kieffer et al., 1977). We have quantitatively searched for 
clusters within the 3 dimensional data set consisting of Red/Violet 
ratios from the approach mosaic (northern late spring), together 
with alb Jo and thermal inertia estimates for the first 300 days of 
the Vixing Orbiter mission. These Mars Consortium data were first 
placed in registered image format and then a principal components 
rotation was performed to obtain three new axes that better explain 
the variance patterns inherent in the data (Arvidson et al., 1982). 
We find that about 50% of the variance (information content) for the 
region spanning 15 degrees on either side of the equator is carried 
along the first principal component vector direction. In essence, 
this means that the data form an elongat-j swarm in R/V, albedo, 
thermal inertia space. The swarm was "stretched" into a spherical 
shape, to remove the dominate trend and to emphasize the 
distribution of clusters, by increasing the dynamic range along the 
principal component directions. An inverse coordinate rotation was 
then performed to obtain the decor related values of R/V, albedo, and 
themal inertia. I he new values were then plotted in a triangular 
..agrara and clusters were visually defined and tested for 
statistical validity (Arvidson et al., 1982). Unit maps for the 
region bounded by 0 to 50' and 230 to 360' W. longitude were 
generated based on the clusters. Five main clusters were identified 
that are part of a trend with two end members: A bright, red region 
with low thermal inertia (Arabia), and a dark, gray region with high 
thermal inertia. The fact that three discrete units can be 
discerned between these end members may be related to discrete 
mixing of "bright" and "dark" components by aeolian processes. 
Mantling by sediments is prevalent in Arabia, while the darker, 
grayer units, with higher thermal inertia, exhibit mare-like plains. 
The mantling is apparent iu viking Orbiter images with resolutions 
from 8 to 30 meters per pixel. These results imply a correlation in 
the study area between colc'. albedo, and thermal inertia, which are 
p obes of near surface materials, and debris mantles, which extend 
to depths of meters. However, caution must be exercised in 
interpreting <-he units maps for at least two reasons. First, 
results of Jacobberger et al. (1982), who used the same techniques 
to map rocks and soils in eastern Egypt using Landsat MSS data, 
demonstrate that mineralogically distinctive rocks can be grouped 
within a single cluster because of limited spectral coverage 
(i.e. broad bands, only 4 bands, limited part of spectrum). Second, 
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Strickland (1982) examined the Martian study area with orbital color 
data and has been able to delineate color clusters that correspond 
to units not resolved at the relatively coarse spatial resolution of 
the approach mosaic. We are presently Including the orbital color 
data In our cluster analyses. 
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CORRECTIONS FOR ELEVATION OF VIKING ORBITER MEASUREMENTS OF MARTIAN THER- 
MAL INERTIAS 

James R* Zlmbelman^ Department of Geology, Arizona State University, 
Tempe, Arizona 85287 

Thermal inertias determined from Viking Infrared Thermal Mapper data 
display a general trend of decreasing value with increasing elevation 
(1,2)# Three atraospheric effects contribute to this trend: decreasing 

thermal conductivity of particulate materials with decreasing atmospheric 
pressure (3), decreasing atmospheric thermal radiation to the surface with 
increasing elevation, and decreasing dust optical depth with increasing 
elevation (2). These effects are particularly pronounced for topograph- 
ically high areas such as the volcanic constructs (4,5)* New radar- 
derived topography indicate that the 1976 Mariner 9 topography (6) is 2 to 
5 km too high in parts of the northern hemisphere (7); earlier studies 
using the 1976 elevations may require some reevaluation. We are working 
on removing the elevation-dependent effects from the observed thermal in- 
ertias so that the resulting spatial variations of surface properties are 
enhanced. 

Laboratory experiments with a variety of particulate materials have 
established the pressure-dependent variations in thermal conductivity 
(8,9), The thermal conductivity varies as the square root of the pressure 
for martian conditions so that the thermal inertia varies as the fourth 
root of the pressure (3), Pressure can be associated with elevation 
through the atmospheric scale height and an appropriate correction made to 
the thermal inertias at that elevation. 

Jakosky (1) showed that the removal of the atmospheric thermal radia- 
tion term from the standard models resulted in a significant increase in 
the derived thermal inertia for the Arsia Mons caldera. We have run ther- 
mal models with varying atmospheric radiation contributions and the resul- 
ting thermal inertia changes can again be related to the elevation througu 
the atmospheric pressure. 

The contribution of atmospheric dust to the thermal radiation inci- 
dent on the surface is considerably more difficult to model. Several ap- 
proaches have been taken to this problem (1,10,11). Visual (12) and in- 
frared (13) measurements provide dust optical depths for the Viking opera- 
tions period which should allow the dust contribution to thermal inertia 
values to be evaluated. 
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^ EFFECTS OF LAYERING ON REFLECTANCE AND ABSORPTION BAND CONTRAST 

Bruce Hapke, Dept, of Geology and Planetary Science, University of 
Pittsburgh, Pittsburgh, PA 15260 

Approximate solutions to the equation of radiative transfer have 
been obtained which give the reflectance of a horizontally-stratified, 
two-layered medium. It is found that the dependence of the reflectance 
on the optical thickness T of the upper layer depends strongly on the 
albedos of the upper and lower layers. Here, '2'= N»Qrt, where N is the 
number of particles per unit volume, <r is the particle cross-sectional 
area, Qr is the extinction efficiency (for soils QniJ:!), and t is the 
thickness of the upper layer. When a dark material overlies a bright 
surface, a covering of r = 1 (correspond inn to about a monolayer) is 
sufficient to reduce the reflectance to nearly that of the dark substance 
However, when a light material overlies a dark surface, a covering of 
Tr > 10 is required to make the reflectance approach that of the bright 
substance. This theoretical prediction is consistent with experimental 
results of Wells and Veverka. 

If one of the layers has an absorption band, the relative contrast 
between the center and wings of the band is strongly affected by layering 
If the band is in the bottom layer, a covering of 'Jr= 1.5 is sufficient 
to reduce the contrast by more than 90“, independent of whether the 
darker or lighter material is on the top. If the band is in the top 
layer, the contrast reaches nearly its full value when t = 1 if the 
dark material is on top; however, if the light material is on top, a 
covering of '2' >10 is required. 

This theory should be useful in interpretations of many tonics in 
planetary geology, including effects of dust deposits on the Martian 
surface, effects of the Martian atnosohere on surface photometry, and 
effects of frost deposits on outer planet satellites. For instance, in 
the latter appliwtion, the results of this study imply that frost layers 
only a few mg/cm^ thick on a silicate soil would be sufficient to com- 
pletely hide characteristic silicate absorption bands. 
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SPECTRAL EVIDENCE FOR ALUMINOUS IRON OXIDES ON MARS 


Richard V. Morris (NASA Johnson Space Center, Houston, TX 77058) and Howard 
V. Lauer, Jr. (LEMSCO, Houston, TX 77058). 

INTRODU CTION 

One prominent feature in the reflectance spectra of both the bright and 
dark regions of Mars is an absorption edge that extends from about 0.75 to 
0.40 *im (e.g.. Singer et a)., 1979). This edge is generally attributed to 
some combination of interelectrot:io nd charge-transfer transitions in- 
volving to.ric iron (e.g., Huguenin et al., 1977; Singer et al., 1979; 
Sherman et al., 1982). Because the spectral data uo not give tiynt 
mifier^'ogical constraints, there is not general agreement on the nature of 
SfieCifir ferric oxide phases inferred from the spectral data. Some workers 
suggest a Fei?0j/Fe00H assemblage (e g.. Singer et al., 1979) which may be 
amorphous (Singer, 1982). Other suggestions include maghemite 7 -Fe 203 , 
(e g., Hargraves et al., 1979) and the magnetic FeOOH polymorph 5-FeOOH 
(Burns, 1980). While some aspects of the spectral properties of the above 
phases satisfy the constraints of the observational data, there are other- 
aspects which agree poorly or not at all. For example, the absorption edge 
for hematite (o-Fe 2 C< 3 ) is not at a short enough wavelength. 

It is possible and even likely under natural conditions on Mars that 
impurity ion substitution occurs at least to some degree for ferric iron. 
On the earth, aluminum coimiorily substitutes for ferric iron in natural 
situations, and consequently we anticipate a similar situation may occur on 
Mars. The work reported by Sommer and Buckingham (1981) suggests that 
aluminum substitution in ferric oxides is important optically. Although 
they did not report on the spectral behavior of the absorption edge, they 
did report that the band minimum near 0.86 em in hematite shifts to longer 
wavelengths with increasing aluminum content. We report here preliminary 
results of our studies of the optkal properties of the solid-solution 
series between «-Al ;>03 and «-Fe 203 in synthetic systems and discuss the 
implications of the results for the reflectance spectra of Mars. 

EXPERIMENTALPROTO^^^ 

The starting point for the synthetic procedure was solutions of 
appropriate amounts of iron and aluminum sulfate salts. Addition of excess 
base resulted in precipitates which were subsequently washed repeatedly 
with neutral water. The precipitates were then hydrolyzed in either neutral 
water or a PARR pressure vessel at^lOOOC, washed in neutral water, dried in 
air, and finally heated in air at temperatures above ~600°C. Formation of 
solid solutions was verified by shifts in the positions of peaks in the x- 
ray diftractiori patterns. 

The diffuse reflectance spectra were recorded at room temperature over 
the spectral range -0.30-2.2 /urn on a Cary-14 spectrophotometer configured 
with a 9- inch diameter integrating sphere. The spectra were reCvirded 
relative to HALON and subsequently converted to absolute reflectance using 
the data ot Weidner and Hsia (1981). 
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RESULTS AND DISCUSSION 


In Figure 1 we plot the position of the band minimum for the band near 
0.86 Mm in pure hematite and the short-wavelength position of the absorption 
edge as a function of the aluminum content as the Al/Fe atomic ratio. There 
are additional bands between the above band and the absorption edge in the 
spectra, but we will not consider them here. All of the samples used in the 
plot gave definable x-ray diffraction lines and so are not amorophous. 

In agreement with Sommer and Buckingham (1981) we find that the band 
minimum shifts to longer wavelengths with increasing aluminum content. The 
1.05 Mm band minimum for the most aluminum-rich compositions is essentially 
the same as the value reported by Lehmann and Harder (1970) for natural 
corundum samples containing ferric iron impurities. In contrast to the band 
minimum, the absorption edge shifts to shorter wavelengths with increasing 
aluminum content. The position of the edge for the most aluminum-rich 
compositions, which is below the 0.30 Mm limit of our data, also appears tu 
be consistent with the data of Lehmann and Harder (1970), but a direct 
comparison is difficult since they report transmission spectra. 

The above results suggest that che shortward shift relative to 
hematite of the absorption edge in the martian spectra is spectral evidence 
for aluminous iron oxide phases on Mars. We have not yet attempted to 
estimate a value of Al/Fe for the martian ca e because we have not yet 
determined the positions of the spectral features at temperatures appro- 
priate for Mars and because we have found that the positions of the features 
also seems to depend on the degree of crystallinity. Additionally, data in 
region Al/Fe = 0.1 to 0.4 are requ-red. We anticipate that, since the 
positions of the band minimum and the ab.,orption edge vary in opposite 
directions, an estimate of an Al/Fe ratio from the martian spectral data 
will be reasonably well constrained. 
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Figure 1 . Plot of the positions of the band minimum and absorption 
edge as a function of the atomic ratio Al/Fe for members of the solid 
solution series ofa-Al203 and«-Fe203. Arrows indicate upper limits due to 
instrumental limitations. 




/ 


ORIGINAL PAGE IS 
OF POOR QUALITY 


ALTERATION OF ROCKS IN HOT CO 2 ATMOSPHERES: FURTHER EXPERIMENTAL RESULTS 

AND APPl ICATION TO MARS 

J. L. Gooding, SN2/Planetary Materials Branch, NASA Johnson Space Center, 
Houston, TX 77058. 

INTRODUCTION . Reaction of rock materials with hot, high-pressure 
atmospheres rich in CO 2 may have been a significant process during the 
respective geologic histories of Mars and Venus. On Venus, such reactions 
should have been a natural consequence of the hot, dense CO 2 atmosphere 
which envelops the planet. On Mars, similar reactions might have occurred 
in response to transient high-pressure atmospheres generated by impact 
cratering or volcanic events which thermally disturbed regolith rich in 
adsorbed or condensed CO 2 . Previous experimental work (1) explored 
possible effects of hot, dry CO 2 on rocks as a simulation of the Venusian 
weathering environment. This report summarizes additional observations on 
some of those products but also describes results of a simulated Martian 
"hydrothermal" event. 

BAS ALT IN HOT, DRY CO 2 . As described previously (1), the principal change 
observed in powdered samples of U.S. Geological Survey standard basalt 
BHVO-1 exposed to hot CO 2 was progressive decrease in spectral reflec- 
tivity. However, the x-ray diffraction (XRO) pattern of a C 02 -treated 
sample included a peak at 1.97+0.02^ which was negligible to absent in 
patterns of both unheated and N 2 -treated samples (Fig. 1). The 3.97A peak 
is not attributable to any common oxide or carbonate mineral but can be 
provisionajly explained as the (004) peak of pachnolite, NaCaAlF 5 'H 20 , or 
as the (111) peak of ludlamite, Fe 3 (P 04 ) 2 * 4 H 20 . It is at least conceivable 
that such phases could have formed by alteration of primary fluorapatite 
although the required reactions remain unidentified. The spectral dark- 
ening effect was probably unrelated to the 3 . 97 -% phase(s) but could have 
arisen by oxidation of Fe-rich silicates according to reactions of the type 
3 FeO + CO 2 - Fea 04 + CO. 

Unfortunately, complicated overlap of silicate and oxide mineral XRD peaks 
prevented positive identification of possible Fe^'^'-oxjde reaction products. 
However, the XRO peak-height ratio I(2.52ft)/I(2.58A) increased by ~10% 
during heat treatment of the sample with CO 2 . The 2.52 a peak should have 
includeo contributions from the strong (311) peaks of any existing 
magnetite or maghemite whereas the 2.58A peak shoujd have been defined 
principally by pigeonite or Fe-rich diopside (131). Thus, spectral 
darkening of the samples by oxidation remains unconfirmed but at least 
consistent with the observations. 

BASALT IN HOT COp/Hp O. A 0.59-g aliquot of powdered BHVO-1 (held in an AI 2 O 3 
crucible) and 18g of distilled H 2 O were placed in the pressure bomb used 
previously (1). After evacuation of air, the bomb was sealed and heated to 
200°C at which point it was back-filled to a measured pressure with CO 2 gas 
( >99.5% pure). The mixture was then heated to 350°C and 100 atm and held 
under those conditions for 48 hrs. The relative proportions of H 2 O and CO 2 
used gave a final molar ratio H 20 /C 02 = 9 . The run product was "quenched" as 
before ( 1 ). 

The final BHVO-1 product was dry but sufficiently indurated that it broke 
into clods upon removal from the crucible. After gentle re-pulverization of 
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the friable dods, the sample gave a reflectance spectrum which showed 
considerable darkening (Fig. 2). Its XRD pattern included a weak 3.97 a peak 
and an apparent increase in the 1(2.52A)/I(2.58 a) ratio discussed above. 
However, both XRD and spectrophc^ometric evidence for hydrous minerals was 
negative. 

IMPLICATIONS FOR MARS . Previous workers (2) suggested that impact 
cratering in volatile-rich regolith might lead to hydrothermal rock 
alteration on Mars. Vaporization of adsorbed H2O and CO2 from a powdered 
basalt model regolith (3) should produce a molar ratio H2O/CO2 == 6 in the 
hydrothermal fluids. However, exposure of a crystalline basalt to H2O/CO2 
s 9 (equivalent to model regolith with adsorbed gases plus water ice] at a 
reasonable hydrothermal temperature and pressure produced only minor alter- 
ation after 48 hrs. Thus, it seems that longer- lived hydrothermal systems, 
abundant liquid water (as opposed to water vapor), or more susceptible rock 
materials would be required for significant amounts of hydrous minerals to 
form in impact craters on Mars. Hydrothermal longevity would be favored by 
hot initial temperature and deep burial whereas alteration susceptibility 
would increase with glass content of the rock. Hydrous mineral formation 
should probably be limited to areas of glassy melt-rock, liquid water 
circulation, and slow cooling. Hydrothermal alteration at small, shallow 
craters and at craters in H20-poor regolith may be limited to oxidation 
effects. 

Acknowledgment . This work was performed at the Jet Propulsion Laboratory, 
California Institute of Technology, when the author was a senior scientist 
in the Earth and Space Sciences Division. 
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Figure l.X-rav diffraction patterns of experimentally treated basalt 
samples. The 3.97 a phase formed in the CO 2 experiment may be 
pachnolite or ludlamite. 
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Figure 2. Visible (0.35-0. 70pm) and near-infrared (0.6-2. 5pm) reflectance 
spectra of experimentally treated basalt. The sample reacted in 
H 2 O/CO 2 (molar ratios«9) darkened, possibly by oxidation of mafic 
minerals. 
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MARS SOIL/WATER/ADfOSPHERE DYNAMICS INTEpCTIONS INVESTIGATIONS. R. 
Stephen Seundere, Jamee B* Stephens, Bruce Banerdt , and Fraser P. Fanale , 
^Jet Propulsion laboratory, California institute of Technology, Pasadena, CA 
91109, ^University of Hawaii at Manoa, Honolulu, HI 96822* 

Ihe current set of experiments in our Investigations of soil, water, and 
atmosphere dynamic Interactions addresses the question of thermal interactions 
on a diurnal and seasonal basis. Ihe earlier experiments reported in Fanale 
et al* (1 and 2) provided basic parameters for atmospheric and soil interne** 
tlons for the Isothermal case* Ihe present experiments will determine the 
thermal properties of dry martian soil in a CO 2 atmosphere under martian pres** 
sure and tenq>erature conditions* 

In order to perform the thermal wave experiment, we designed, fabricated, 
installed and tested a martian solar simulator (a heated aluminum grid buried 
under the surface of the soil) for the Mars Soil thermodynamic and Fluid Dyna- 
mic Properties Chamber* the chamber was pumped down, the soil was vacuum 
dried, leaks were fixed and the first cold run was attempted* After some 
catastrophic backfills (a hose fell off a manometer and the electric power was 
shut off) and more leaks were fixed, the chamber and all its associated s>s- 
tems were ready for the cold thermal wave experiment* 

the cold (-50°C soil temperature) thermal wave experiment was started 
with the chamber at Mars atmospheric pressure (5 to 7 nmHg)* the solar simu- 
lator was turned on (42 watts into a 2 foot dl'jmeter aluminum grid) and the 
progress of the thermal wave down through the soil was monitored by the soil 
pressure and temperature probes* the thermal wave was shown to have moved 
only a few Inches in a week's time* Vfe suspect that the thermal conductivity 
of the soil is strongly dependent upon the CO 2 pressure over a range of 5 to 
10 nmHg at temperatures typical of Mars* We accidently allowed the pressure 
to briefly rise to 10 mmHg and noticed a marked Increase in the thermal con- 
ductivity* 

Ihe chamber was warmed up and various repairs were made* Tie soil in the 
chamber was dried out again and a room temperature ( 4 * 20°C) thermal wave 
eiqierlment was performed at martian COa p*‘essure (6 mmHg) with the martian 
solar simulator plate held at 4 - S4^C* After 4 weeks the thermal wave traveled 
to the bottom of the soil container (1 meter depth)* A room temperature pres- 
sure wave experiment will follow* 

References : 

(1) Fanale, F* P* et al* (1982) Mars: Tie Regolith-Atmosphere-Cap System 
and Climate Change, Icarus. 50. 381-407* 

(2) Fanale, F* P* et al* (1982) Seasonal and Long Ihrm Exchange of CO 2 
Between the Regolith and Atmosphere of Mars: Experimental and Theore- 
tical Studies, J* Geophvs* Res *. Third Titernatlonal Colloquium on 
Mars Special Issue, in press* 
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RAPID ESTIMATION OF MARTIAN TOPOGRAPHY FROM VIKING ORBITER IMAGE 
PHOTOMETRY 

Philip A. Davis, Laurence A. Soderblom, and Eric M. Ellason, U.S. 
Geological Survey, Flagstaff, AZ 86001 

We have developed a rapid method of estimating martian topography 
with a computer-based Interactive system that uses calibrated accurate 
Viking Orbiter Image data In Iterative photometric and tensor 
calculations. First, an estimate of the brightness of light scattered 
by the atmosphere Is made and subtracted from the Image. This step Is 
extremely Important because the scattered component can be a large 
fraction of the total Image brightness. Two models are currently 
operable In the Interactive program. The first model Is designed 
specifically for features with cylindrical symmetry In topography and 
albedo, for example, craters; this model assumes that the crater has 
radial symmetry In Its albedo and topography, and compares two traverses 
extending from the center of the crater to beyond the rim. In 
simplified concept, ratloing the two brightness traverses cancels out 
the brightness changes due to symmetrical albedo patterns, and remaining 
variations In the ratio are due only to changes In slope. The second 
model Is designed for asymmetric topography (e.g. dunes, ridges, and 
valleys) but can also be used on craters; this model requires 
Identification of a flat surface along the profile and cannot compensate 
for changes In albedo. 

Both models Involve the same Iterative loop of photometric and 
tensor analysis. The relative- height profile along the designated 
traverse paths Is first determined by using a user-supplied photometric 
function to solve for the slope In each pixel; tensor analysis Is tnen 
used to map the original traverse across the undulating topography. For 
example, a traverse across a crater floor, on an oblique. Image, will 
appear as an arc that bows toward the spacecraft and will be longer than 
the original straight line designated by the user. The traverse must 
then be expanded to accommodate the additional pixels; the brightness 
values along the corrected traverses are used to recalculate the 
slopes. These photometric and tensor calculations are repeated 
Iteratively until the total height along the profile does not change. 

To test the derived profile, a synthetic Image of the crater (or 
other landform) Is calculated from the derived albedo and topography 
profiles, the model photometric function, and the viewing. Illumination, 
and range of the original Image. The observed brightness values of the 
crater In original Image are then divided by those of the synthetic 
Image of the crater; the result Is examined visually. If the match Is 
poor, the user refines the photometric function or chooses different 
profile directions so as to continue. In most cases, crater Interiors 
do not have completely synnetrlcal albedos. Thus, If the derived albedo 
and topography profiles are accurate, the ratio Image will show 
Irregular scattered patches or crescentic concentrations of low- or 
high-albedo areas In the craters. If the user happened to choose the 
original profile direction to pass over one of these Irregular patches 
of albedo or topography In the crater, the ratio Image will show 
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concentric rings. In this case, the user should repeat the profiling 
routine and choose a profile direction that does not include areas of 
topogr .phy or of a synmetric albedo; if this repetition is not possible, 
the crater cannot be profiled. 

The accuracy of the methods described above was tested by profiling 
craters whose topography had been derived by stereo photogrammetry and 
by shadow measurements. Table 1 compares the results; the accuracy of 
the computer methods is 1 to 5% for diameters, 5 to 8% for rim heights, 
and 2 to 5% for slopes. 


Table 1. Comparison of results from computer profiling methods with 
those from shadow measurements and stereo photogrammetry . 


Viking Frane 

Crater Iteasured 
Type Diaiieter 

(N 

Com|XJter 

Diareter 

(km) 

Insured 

Depth 

(m) 

Conputer 

D^jth 

(m) 

Insured 

Slope 

Conputer 

Slope 

Computer model versus Shadow rtesurenent 

693A03 

Bo«^ -shaped 3.3 

3.1 

520 

507 




467A10 

Flat-floored 9.4 

9.4 

850 

770 

— 


Computer model versus Stereo Photogratretry 

64A18 

Bowl -shaped 2.7 

2.6 

600 

570 

35.9P 

33.9P 

64A18 

Flat-floored 5.4 

5.1 

806 

830 

25.4“ 

26.1“ 


* Shadow ireasuranents by method of D. W. 6. Arthur; stereophotogramBtry results frcm 
S. S. C. Mj and colleagues. 
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BEHAVIOR OF WATER-SOLUBLE CATIONS AND ANIONS IN COLD DESERT ENVIRONMENTS 
Everett K. Gibson, SN7, NASA Johnson Space Center, Houston, TX 77058 
Sarah A. Hokanson, Dept, of Geology, Wellesley College, Wellesley, HA 
(formerly Lunar and Planetary Institute Summer Intern) 

Susan J. Wentworth, LEMSCO, 1830 NASA Rd. 1, Houston, TX 

Roberta Bustin, Dept, of Chemistry, Arkansas College, Batesville, AR 

Weathering, diagenesis, and chemical alteration of various soil profiles 
from the Dry Valleys of Antarctica have been studied as an analog of soil 
development within the Martian regollth. Horowitz et al. (1) had earlier 
suggested that the Dry Valleys should be the best terrestrial analog of the 
Martian surface. Our previous studies have shown that the Dry Valleys have 
weathering processes operating which may be similar to those observed on Mars 
(2-5). Surface processes operating In the Dry Valleys are similar to Martian 
surface processes In the following respects: low temperatures (twian temper- 
ature of -17°C In Wright Valley), low absolute humidities, diurnal freene- 
thaw cycles, low annual precipitation, desiccating winds, salt-rich regollth, 
and oxidizing environment. Previous studies have suggested that physical or 
mechanical weathering ( 6 ) predominates over chemical weathering processes. 

Even though chemical alteration Is a secondary weathering process In the Dry 
Valleys, It plays an Important role In regolith development (5). 

During the 1979-80 austral summer a suite of core and surface smples 
near evaporite and brine ponds were collected from Wright and Taylor Dry 
Valley^. Previously, we reported results f**om the study of water-soluble cat- 
ions and anions from four cores (4) and now the results from seven additional 
cores have been examined. A detailed description of the chemical weathering 
and dlageeesis of a one-meter deep soil pit has recently been reported ( 6 ). We 
wish to discuss the analysis and our Interpretations of the results from the 
eleven core samples (ranging from 13 to 32 cm In length and analyzed In 1 cm 
segments) for their water-soluble Ions which represent Ionic transport pro- 
cesses above the permanently frozen zone. Abundances of these soluble Ions 
reflect the nature of '•he secondary minerals which have been produced by 
evaporation and weathering processes. 

The sample suite Includes core samples from: (l)reglons of permanent 
mature brine ponds (DJ-2074, DJ-33, DJ-39) associated with Don Juan Pond, (2) 
brine ponds which are intermediate in maturity associated with Don Quixote Pond 
(DQ-35, DQ-20), (3) temporal brine ponds from the VXE -6 site (WV-42), (4) sea- 
sonal evaporite ponds which contain standing water for only short periods of 
time in the South Fork, Wright Valley (DJ-21, WV-38, WV-52), (5) regions near 
Lake Hoare, a fresh-water lake (TV -50), and ( 6 ) Prospect Mesa which has the 
oldest soils within the Antarctic Dry Valleys (WV-ll). Petrographic studifs 
of the Dry Valley soils Indicated that most silicate minerals and llthic frag- 
ments exhibit some degree of alteration (5). Chemical alterations occur In 
samples from both above and from within the permanently frozen zone. Concen- 
trations of water-soluble cations (Na'*’, , Ca'^'*’) and anions (Cl“, S 04 ‘*, NO 3 ") 

decrease significantly from the surface to the permanently frozen zone, suggest 
ing major inovement of water-soluble species. Enrichments In secondary mineral 
abundances correlate with water-soluble Ion concentrations. Authlgenic second- 
ary minerals In the Dry Valley soils Include: halite, gypsum, tnenardite, soda 
niter, bloedite, calcite, llmonite, chabazite, aragonite, trona, mirabllite, 
epsomite, drapskite, sylvite, antarcticite, tacl.ydrite, bischofite, and "clay" 
m1nerals(5) . 
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Chloride and calcium abundances within the cores generally reflect the 
nature of the secondary mineralogy. Chloride ions are associated with salt 
(NaCl) and antarcticite (CaCU-bH^O), whereas the calcium ion abundances re- 
flect phases such as gypsum, calcite and antarcticite. Chlcride abundances 
ranged from as low as 10/imoles for samples collected in Taylor Valley near 
Lake Hoare to values as great as 3600 and 3800 /irnoles in salt-rich evaporite 
layers in soils from the edge of Don Juan Pond and on Pi aspect Mesa (Table 1). 
Soils from near permanent brine ponds (i,e.,Don Juan Pond and VXE-6) typically 
contain approximately 400 jumoles Cl throughout the soil column with the ex- 
ception of salt-rich layers (usually within 4 to 10 cm of the surface) which 
contain as much as 3800yiimoles Cl. Soils from the seasonal ponds generally 
contain between 40 and 100 pmoles Cl throughout the soil column with the ex- 
ception of salt-rich layers, where Cl concentrations increase to 400 /jmoles. 

In common with soils from other arid parts of the world, soluble salt 
concentrations are characteristic of Dry Valley soils and cores. The origin 
of the water-soluble ions forming the Dry Valley salts is controversial: pro- 
posed origins include chemical weathering of rocks, hydrothermal fluids, mar- 
ine aerosols, and the evaporation of water from marine incursions. Ratios of 
NavCl", Mg'^YSOx^", Na7S0/i‘^", and Cl^SO^^", which are uniform regardless 
of surface soil location ana similar to those of sea water (7), suggest that 
Na^, SO^^", and Cl" are of marine origin. Pastor and Bockheim (7) concluded, 
however, that the less abundant ions C». , Mg«^ and n were derived mainly 

from rock weathering because the ratios of Mg*^ /Ca^'*’, Mg'^/K , and Ca'^ /n 
resemble those for the lithosphere. 

Isotope measurements verify that most sulfate is orobably of marine ori- 
gin, although some may be of hydrothermal origin; of gypsum in Wright 

Valley ranges from +14.1 to 20.3 °/oo (8). Nakai et al. (8), also concluded 
that carbonate is mainly of marine origin; for calcite, ^ "^C = -14.4 to 
+17.6 °/oo and (T'oC = -9.4 to +22.3 °/oo* Calcite encrustations, however, 
are found only in areas containing carbonate country rocks, indicating that 
leaching and redeposition take place. Strontium isotope measurements suggest 
that the salt content of Lake Vanda (Wright Valley) and nearby soils origin- 
ated by rock weathering (9). 

From the above data, it seems probable that a large portion of the waterr 
sol^uble ions-in Dry Valley soils and cores is of marine origin (especially Na , 
Cl", and S04^"), butp^ome of the ions were derived by rock weathering. Accord- 
ing to (10), most Ca'^ and Mg^"^ come from pyroxenes and amphiboles in diabasic 
rocks and from biotite in granitic rocks. Muscovite and potash feldspar con- 
tributed most of the K'^. 

Keys and Williams (11) studied the distributions of salt minerals in_the 
McMurdo region. They discovered that surface soils containing Na^ and Cl" de- 
creas:i in abundance with increasing distance from the coast, which is consist- 
ent with a marine aerosol origin for these ions. Sulfates are evenly distri- 
buted, but SO4 " still appears to be of manne origin because of the isotope 
data discussed above. Salts containing are found mi.inly in areas con- 
taining basic igneous country rocks. (11) concluded that for surface soils, 
salts of marine origin are the most important with respect to volume but that 
chemical weathering of rocks and soils is also significant. Chemical weathering 
would contribute to the localized enrichments of salts observed in cores. 

It is known that the Martian surface conditions may be favorable for chem- 
ical weathering (12,13). Primary silicates would be expected to be reactive 
minerals such as pyroxene, olivine, and feldspars. Because of the possible 
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existence of an extensive subsurface system of water-ice and maybe even liquid 
water just beneath the Martian surface (14), It seems likely that water is 
available to assist in the weathering of the reactive minerals. Such weather- 
ing could result in the formation of clays, sulfates, carbonates, hydrates, 
and zeolites. Formation of pedogenic zeolites (14, 15) under cold, arid 
Antarctic conditions opens the possibility that zeolites may also form in 
the Martian regolith. Terrestrial zeolites are especially common soils de- 
rived from volcanic ejecta (16), and such soils may be common on Mars. Zeo- 
lites are well-known for their volatile exchange and storage properties. Con- 
sequently, the possible presence of a significant abundance of zeolites in the 
Martian regolith might have a profound effect on the volatile inventory and bud- 
get of Mars. Specifically, zeolites could be a repository of atmospheric gas 
including CO?. O 2 and H 2 O. Changes in pressure and temperature might induce 
Martian zeolites to take up or release large quantities of volatiles. Move- 
ment of water within the regolith would assist in the chemical weathering, 
leaching and salt-forming processes operating in the near surface region of Mars. 
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INCIPIENT WEATHERING OF LOW TEMPERATURE SOLAR SYSTEM OBJECTS 

R.L. Huguenln, Dept. Physics /Astronomy - Hasbrouck Laboratory, 

University of Massachusetts, Asnherst 01003 

There is significant evidence that low- temperature objects in the 
Solar System have undergone incipient weathering. Evidence for contem- 
porary weathering on Mars, for example, has been recently discussed (1,2). 
Analysis of carbonaceous chondrites have indicated that low-temperature 
in situ weathering apparently occurred in those objects (3). There is 
also spectroscopic evidence for alteration products on the surfaces of 
low-albedo asteroids (4). 

The apparent occurrence of incipient weathering on such low-tempera- 
ture objects has been a subject of considerable interest. Firstly, the 
occurence of weathering implies that precursor phases were subsequently 
exposed to disequilibrium environments. Secondly, it has been broadly 
assumed that liquid H 2 O was the medium of alteration for at least the 
meteorites and asteroids. The latter assumption in particular has raised 
numerous unanswered questions about the histories of these objects and the 
Solar System. A major question is whether liquid H 2 O was really required 
to produce the weathering phases on these objects. 

We have argued that on Mars the exposure of primary silicates to H 2 O 
vapor at low temperatures can produce a chemical alteration of the minerals 
(2,5). Could such processes have occurred in meteorites, asteroids, and 
other low-temperature objects in the Solar System? The required conditions 
would be consistent with current models of ice/mineral assemblages for 
meteorites, asteroids, and outer Solar System satellites* 

The exposure of mafic silicates to H 2 O at ice temperatures would be 
predicted to result in reaction, whereby from dissociated H 2 O at the 
mineral/ice interface would be drawn into the mineral to negative defects 
(2). The excess 0H“ at the mineral surface and in the mineral, according 
to the model, creates a charge imbalance that Is relieved by: 1) removal 
of electrons from surface 0H~ and incorporation into the crystal at positive 
defects; and 2) migration of metal ions (during prolonged exposure to ice) 
toward grain surface and into the ice layer (2,5). The mineral becomes 
hydrated (2H^ + lattice 0^* lattice + lattice 0H~) and it loses metal 
ions in the process. There is also a chemical reduction of the mineral 
and an oxidation of the ice (OHJee ^^Ice ®*mineral)* Laboratory studies 
indicated that the oxidation product is apparently chemisorbed hydrogen 
peroxide and its decay product, chemisorbed 0 (2). The lifetime of the H 2 O 2 
was estimated to be 10^ • lO^yr at -5Qc>C (2). 

The chemically reduced and hydrated mineral was proposed to break down 
into poorly characterized phases (2,5). Redistribution of ions toward the 
surface and into tho ice was predicted to result in the breakdown of the 
precursor mineral to clay, metal oxlces, carbonates, and salts (5). The 
weathering products would be predicted to be colloidal or possibly amorphous, 
since the liquid H 2 O medium in which more well-developed minerals polyme- 
rize would not be present. It was suggested that prolonged exposure to the 
frozen H 2 O may possibly drive the polymerization of some gels into clay, 
oxide, carbonate, and salt crystallites; however, well-developed crystals 
should probably not be expected (5). The redox gradient between the mineral 
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and Ice could produce further complexities in the phases that are ultimately 
produced. 

Evidence from meteorites . Are the weathered phases in meteorites 
consistent with the predicted frost-weathering assemblages? For the car- 
bonaceous chondrites, at least, they do in fact appear to share some of the 
principal characteristics. 

Firstly, the weathering products are extremely fine grained and poorly 
developed. The weathered matrix material CDnslsts of Intimate mixtures of 
extremely fine grained or metacolloidal clay, oxides, carbonate, salts 
(primarily sulfate) and sulfides. A significant fraction of the mixture 
is PCP (poorly characterized phases), which is largely formless or amorphous 
silicate, oxide, carbonate, and sulfate material enriched in metal ions (3). 

Secondly, the petrographic data are consistent with the proposed 
redistribution of metal ions toward and beyond the grain surface. In 
Murray, for example, relatively iron-depleted (FeO + Fe203 ■ 20.9; Si02 ■ 
37.2) phyllosllicate was situated adjacent to olivine, and spreading outward 
from this was a sequential development of more Fe rich phyllosllicate and 
finally iron-enriched PCP (FeO + Fe203 ■ 54.4; Si02 •• 11.5) over distances 
ranging from a few microns to a few tens of microns (3). In Nogoya, similar 
sequences could be seen within altered clasts. There precursor clasts were 
nearly completely pseudomorphed during in situ alteration with the original 
shape outlines sharply preserved. Layers of phyllosillcates extend from 
poorly crystallized or amorphous Mg-Si-rich interior portions to more Fe- 
tich layers toward fracture boundaries. The fractures, where the ice would 
have been situated, were filled with magnetite in Nogoya. In other meteo- 
rites, where weathering was less advanced, fractures are filled with metal 
ion-rich PCP. In numerous cases the phyllosillcates that contain the re- 
distributed metal ions developed into a layered colloform texture. Such a 
texture would be consistent with the predicted long-term ordering of the 
disordered phases (perhaps under the influence of ice) , analogous to long- 
term devitrification of glasses. Colloform textures are also seen in 
hydrothermally altered rocks, however. 

Thirdly, phase relationships and isotopic data point to low tempera- 
tures of alteration (3). Alteration phases were apparently formed with 
upper limit temperatures of 400*^K. Thermally labile carbonaceous compounds, 
some of which appear to have formed before or during alteration, argue for 
prolonged upper limit temperatures of 300°K or lower. Isotopic data, 
particularly 634s, point to 273°K or lower temperature for the sulfur- 
bearing phases (J.S. Lewis, private communication). 

A fourth property of weathered phases that is consistent with a 
possible frost-weathering origin is the relatively broad range of redox 
potentials represented within the assemblages, ranging from hydrated iron 
oxides , through magnetite, to reduced carbonadeous material. While such 
distributions would not be unique to a frost-weathering origin, they are 
at least consistent. Of particular interest in this context are observa- 
tions of ubiquitous coatings of amorphous carbonaceous coatings on phyllo- 
sillcates from CM matrices (6,7). An Intimate association of extractable 
organics with phyllosillcates in PCP was also noted (3). The phyllosillcates 
would be predicted by the frost-weathering model to be strongly chemically 
reduced, with up to v 1Q22 h+ and e“ incorporated per gram (2). Such highly 
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reduced minerals should tend to return to a redox state that is in equi- 
librium with their surroundings, l.e., they would be predicted to transfer 
electrons and chemically reduce their surroundings until the redox poten- 
tials reach equilibrium. This may account for the association of the 
highly reduced phases with the phyllosillcate. Production of highly 
oxidized phases in the ice during weathering might explain the occurence 
of hydrated ferric oxides and sulfates in nearby areas of the matrix. 

It can be concluded that the meteorite data is consistent with 
possible alteration by frost-weathering. It has been argued that weather- 
ing may have been by liquid H 2 O, and as discussed by Bunch and Chang (3), 
the observed phases could be explained by that model as well. The principal 
advantage of the frost-weathering model, however, is that complex scenarios 
for stabilizing liquid H 2 O (T > 273*%, pH20 > Smb) are not needed. Simple 
H 2 O Ice/mineral assemblages in relatively small asteroid or comet-sized 
parent bodies would be predicted to lead to phases similar to those that 
are observed. 

Evidence from asteroids . Unlike the meteorites, compositional infor- 
mation about asteroids and outer Solar System objects is derived from remote 
sensing observations. A synthesis of high resolution IR spectra (0.9 - 
2.5wm) and narrow band photometric data (3,0 - 3.5pm) for asteroids 1 Ceres, 
2 Pallas, and 324 Bamberga led to the proposal that clays and salts with 
Interlayer water may be present on the surfaces of these objects (4). The 
spectrum of 324 Bamberga shows additional evidence below 2.5pm for abundant 
magnetite. It was argued that alteration by Aqueous or analogous processes 
processes is Implied (4) . 

Implications for other outer Solar System objects . Models of nebular 
condensation and accretion argue that H 2 O ice may have been an abundant 
phase in the outer Solar System. Remote spectral observations of Galilean, 
Saturnian, and Uranian satellites and Saturn's Rings Indeed point to the 
presence of abundant H 2 O ice. If the H 2 O condensed on mafic silicate 
grains, frost-weathering type reactions could have conceivably occurred. 
Conditions on these objects would in theory support such reactions, and it 
is possible that significant alteration might have occurred. The near-IR 
spectra of these objects contain significant structure, and their inter- 
pretations have been subjects of considerable controversy. 
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6GDLD6IC AHD RBOTE SENSING STUDIES OF THE SCHICKARD-6GHILLER RESIGN 
B.R. Hawke and J.F. Ball, Planetary Gaoaclencea Div., Hawaii Inatitute of 
Geophyaica, Univ. of Hawaii, Honolulu, HI 96B22 

Introduction ! The Schickard-Schl liar region (400-600 S; 350-6B^ W) la 
a major expanaa of largely highland terrain located aouthwaat of Mara 
Humorum. The region contalna Schickard, Schiller, WOrgentIn, Phocylldaa, 
and Mae craters aa well aa the Schl llar-Zucchlua baa1n'f~3. Numaroua 
Imbrian-aged light plains deposits occur In raglon^-S, Schultz and SpudlaO 
noted the presence of abundant dark-haloed Impact cratera on non-mare units 
In the SchIckard-SchUlar region and proposed that the region had bean the 
site axtensive volcanic flooding early In lunar history and the resulting 
basalt deposits were subsequently covered with varying thicknaasas of high- 
lands ejecta. Here recently, Hawke end Ball^tB presented the prallmlnay 
results of spectral studies of three derk-heloed creters (Schickerd R, Nog- 
gereth F, end Inghlrami W) In this region. While analyses of these spectra 
suggested that these craters had excavated basaltic material. It was clear 
additional spectra with higher spatlel and spectral reeulutlon ware needed. 
These were recently (August and September, 1981] obtained using the Nauna 
Kea 2.2m telescope. The purposes of this study Include the following: 1) 

to confirm the existence and determine the composition of the postulated 
basaltic component In the ejecta deposits of dark-haloed Impact cratera In 
the Schickard-Schi Her region, 2) to reassess the geologic history of the 
region, and 3) to investigate the processes responsible for light plains 
formation. 

Dark-Haloed Impact Craters: Figure 1 shows the three spectra which era 
critical to understanding the prigin of dark-haloed Impact craters In the 
Schickerd-Schl I ler region. Noggerath P Is a relatively young dark-haloed 
Impact crater. The spectrum of Its bowl Is very similar to that of the 
fresh crater In the mare deposit located on the northern portion of the 
Schickard crater floor. The Noggerath F bowl spectrum Is very distinct 
from that of Schickard X, a fresh highlands crater In the wall of the 
Schickard. The Schickard X spectrum Is similar to those obtained for other 
fresh highlands craters on the western limb. These spectra ware treated to 
continuum removal and Gaussian function band fitting procedure^. Both the 
Noggerath F and the Schickard mare crater exposed hIgh-Ca pyroxenes, Indi- 
cative of mare basalts'*^. Shlcka^d X crater exposed material with low-Ca 
orthopyroxene, typical of highland rocks. The spectrum obtained for the 
Inghlrami W bowl Is almost Identical to that of the Noggerath F bowl. 
Fresh mare basalts are exposed on the Interiors of both of these dark- 
haloed Impact craters. 

Spectra obtained for the derk-halo of Noggerath F exhibit characterla- 
tlcs which are Intermediate between those of fresh mare basalts and the 
mature mere surfaces of the ponds In the NW and SE portions of the floor of 
Schickard. This dark material Is mare basalt which Is considerably more 
mature than that on the crater Interior. Fresher material would be 
expected to be exposed on the Interior because of mass wasting on steep 
Inner slopes. 

Inghlrami W crater excavates material from beneath the Inner faces of 
the Havellus Formation as mapped by Scott et al.^^. Both Schickard R and 
Noggerath F are located In Imbrian-aged light plains depos1ts^~7 which are 
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Interpi'eted to hav« baen enpLaood aa a conaequanca of tha OrlantaLa Impact 
evenv^, Noggerath F, Ingbirami W, and Schickard R axcavata mara baaalta 
from beneath light plalne and other Orlentale-ralated depoalta. Dark- 
haloed Impact craters are both abundant (NsiS) and aldaly distributed In 
the Schickard-Schlller region and era concentrated on Orlantala-related 
deposits. Hence, It seems likely that pre-Orlentala mare volcanic activity 
not only occurred but was extensive In the region. Perhaps the deposition 
of highland ejects on pre-existing mare surfaces has been an Important pro- 
cess In light plains formation elsamhere on the Hoon. 

Some newly acquired spectral data exists for other lunar reglone. A 
preliminary analysis of the spectrum of the dark-halo Impact crater NE of 
Petavlus strongly suggests that basaltic material was excavated from 
beneath Petavlus crater ejecte. Similar results were obtained from ana- 
lyses of the spectra of dark-haloed craters SE of Poseldonus and south of 
Hercules. 

Seoloolc Studies of the Schickard-Schl Her Region; Additional geologic 
studies ware conducted In the Schickard-Schl Her region In order to better 
understand Its volcanic history. A variety of additional factore would 
favor the existence of an ancient pre-Orlentale phase of volcenism In the 
region^: 1) The Schlller-Zucchlus basin Is situated within the region^ 

Impact basin formation produces topographic lows and extensive crustal fac- 
ture systems, both of which are conducive to the extrusion and accumulation 
of volcanic mater1al^2^ 2 j unusual Interior morphology of Wargentin 
crater Is most easily explained by early flooding of the structure by 
basalts which were subsequently covered by e thin layer of light plains 
materiel emplaced as a result of the Orientals event. 3) The proximity of 
the Schickard-Schl I Isr region to Orientals suggests that any pre-existing 
mare deposits could have been burled by Orlsntsle-related deposits. 

Poet-Orients le volcanic activity may have been more prevalent In the 
region than has been commonly recognized. In particular, there Is strong 
evidence that the Schiller plains, which occupy a portion of the Schlller- 
Zucch'lus basin (southwest of Schiller crater), are of volcanic origin. 
These plains exhibit both a lower albedo and a lower crater density than 
nearby highlands plains^ and are distinct on Whitaker's color difference 
photography as well as on the multlspectral Image mosaic of Soderblom^S, 
These plains embay adjacent highlands terrain and Orientals secondary 
craters and display mare-type ridges which are generally radial to Orien- 
tals. These ridges are probably the reeukt of the shallow burial of ridges 
associated with Orlentale secondary chains by post-Orlentale volcanics. 
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MAGNETIC EFFECTS ASSOCIATED WITH HYPERVELOCITY IMPACTS 


Coradini Capaccioni F«, Flamini E., Martelli G. 

Istituto di Astrofisica Spaeiale, Reparto di Planetolocia 

Roma, Italy ORIGINAL PAGE 18 

Cerroni P,, Hurran P,, Smith P.N. Qp pQQp QUALITY 

University of Suesex 
Brighton, U.K, 

The problem of the origin of lunar magnetism has been a controversial 
topic since the maignetic mapping of the Moon carried out by the Apollo 
14 and 13 sub-satellites and tne discovery of the surprisingly high 
remanent magnetism of lunar samples. Whether lunar magnetism is due 
to a primordial ambient field or to the effect of cratering is still 
debated. Both effects are probably contributory. In our experiments 
of macroscopic hypervelocity studies we have shown that magnetic 
effects do accompany hypervelocity cratering (l, 2, 3 )* However, a 
better understauiding of this phenomenon can be achieved by further 
measurements ;ith diagnostic instrumentation improved in the light of. 
past experience. In particular our experiments are devoted to the 
comprehension of the following problems: a) the exact three-dimensional 
morphology of the remanent magnetic field in the n^ighberhood of the 
impacted area; b) target typical time for viscous relaxation; c)the ef- 
fects of the transient magnetic fields produced in the impact region 
on the magnetism of the target material both, in the crater region and 
in , the ejecta blanket; d) the effects of the eniianoement of the pre- 
existing magnetic field just before impact. 

The impacting projectile is obtained from a shaped charge by using only 
the foremost part of the jet wnich is composed of the fragrant ;ith 
the highest speed, the remainder of the jet being removed by a deflec- 
ting charge ( 4 ). Estimates of the projectile m-ss during flight are 
obtained from optical and soft X-ray pnotographs, A time of flight tech- 
nique provides t;.e projectile velocity, whicii results to be of the 
order of 10 km/s or so, Tnese projectiles impact onto atificial ferro- 
magnetic concrete targets v/hich provide botli mecrjanical and magnetic 
isotropic response. 

Preliminary measurements of the surface magnetic fiel of the impacted 
targets iiave been carried out and the results have been numerically 
elaborated in order to produce magnetic isomaps. A first analysis 
of these isomaps yielded fairly homogeneous results for all the examined 
targets and evidenced a common trend both for the vertical aiul for the 
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horinontal oonvponents of the ma^^etio flel(i4. A striking feature present 
in all the ieomaps of the veHical component is a oonoentrioal trend 
of the magnetic lines of force around the p>iyaical crater ( see 
figure below). This could imply the existence of some magnetising 
meoltanism connected to the formation of the crater, A number of 
effects could be invoked to explain this behaviouri such as 'for 
example those proposed in refs, 3 '^o 7* 



Fig,1{ Isomap of the 
vertical component of 
the superficial magne 
tic field of the impac 
ted target. 

The intensity difference 
between two adjacent 
isolines is 100 fvnnas. 
Minimum value of the 
magnetic field is siiown. 
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PRELIMINARY GEOLOGICAL MAP OF RA PATERA QUADRANGLE (J12a), 10 

R« Greeley (Dept* of Geology » Arizona State Univ*» Tempe A? 85287) » 

P. D* Spudla (U. S* Geological Survey, Flagstaff AZ 86001 and Arizona 
State Unlv.) and J* E* Guest (Unlv. of London Observatory) 

The Ra Patera quadrangle Is one of three areas on lo covered by highest 
resolution Voyager Images selected for detailed geological mapping at a scale 
of 1:2M to provide Insight into volcanic processes and material units* 

Covering an area of nearly 1*3 x 10^ km^» preliminary photogeologlcal mapping 
(Fig. 1) shows that the quadrangle area can be subdivided Into five principal 
types of geological units: 

1) Shield volcanoes : consist of radial or subradlal flows emanating from 
relatively small central vents; includes Ra Patera, a broad shield 760 x 270 
km across composed of at least 7 principal flow units Including channel- and 
tube-fed flows and broad sheet ilows, all originating from a vent 25 x 40 
km* The wide range of color and albedo of the Ra flows may Indicate various 
allotropes of sulfur and raay Include active sulfur flows. Hephaestus Patera 
and an asymmetric shield (Vent E ) are included In this category. Vent E, 
located on the northeast flank of Ra Patera, consists of 4 flow units and may 
be an Incipient shield volcano In the early stages of development. 

2) ”Plt** craters and associated flows : consist of vent complexes as large 
as 100 km across and associated flows; includes Mazda Catena (4 or possibly 5 
separate vents, including a cone), Mlhr Patera (circular caldera 60 km across 
with near-vent flows and a plateau-forming flow unit), Glbll Patera , Horus 
Patera , and Vent D * 

3) **Break-out” shield (Mlhr A) ; a complex vent/flow system displaying 
numerous ’’tongue "-like flows that appear to have broken out from a single 
massive cooling unit; may represent a style of volcanlsm unique to the 
rheological properties of sulfur (1,2). 

4) Miscellaneous vents : occur at random In the map area, ranging in size 
up to 80 km; some occur within pit crater flows and may be rootless vents. 

5) Intervent flows and plains : flows and plains not having identifiable 
source vents, named intervent plains in preliminary geological mapping 
(3,4); may be older central vent flows blanketed by plume deposits or may 
represent fissure-style eruptions. 

These five types of volcanic units combine to form a surface on lo which 
may be analogous to "plains" volcanlsm on Earth, l.e. a series of coalescing 
low-profile shield volcanoes and intervening sheet flows (5;. 

Preliminary mapping suggests the following stratigraphic sequence 
(oldest- to- youngest): 1) eruption of plains units and flows associated with 

oldest central vents; some plains units may represent "flood"-type volcanlsm, 
probably active throughout the geological history of the mapped area; 2) 
eruption of older pit crater flows and associated caldera formation (Mlhr, 
Horus and Glbll Paterae) and old shield materials (Hephaestus Patera); 3) 
eruption of young pit crater flows (Mazda Catena) and "breakout" shield flows 
(Mlhr A); 4) formation of Ra Patera shield volcano (possibly active). 
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PRELIMINARY GEOLOGIC MAP OF THE SOUTH POLAR REGION OF 
GANYMEDE 

R. A. De Hon, Department of Geosciences, Northeast 
Louisiana University, Monroe, La. 71209. 

Preliminary photogeologic mapping of the soxith polar 
region of Ganjrmede is based on 35 unrectified Voyager 
images. Resolution of the imagery varies greatly depend- 
ing upon the distance of the spacecraft from the surface 
and a wide range of viewing and Illumination angles. 
Approximately one-half of the quadrangle is beyond the 
terminator, and about 107, of the illuminated portion is 
at such an extreme viewing angle is to be unusable. 
Rectified frames and photomosaics are not presently 
available; hence, preliminary mapping includes a wide 
range of scales, and positional accuracy varies. 

The major physiographic/geclogic units in the region 
consist of various types of grooved or furrowed terrain, 
hummocky materials, crater and basin deposits (Fig. 1). 

The oldest materials are rugged cratered terrain materials 
(unit tc) and dark, cratered plains materials (unit pc). 
The cratered plains unit is modified by the IvJter forma- 
tion of bright, grooved terrain material (unit tg) which 
consists of multiple sets of grooves (graben) Together, 
the dark plains and bright grooved terrain form a mosaic 
of dark polygonal patches bounded by linear swaths of 
bright terrains. In contrast, polar furrowed terrain 
material (unit tf) constitutes a large continuous region 
of subparallel ridge and trough development with peiwis- 
tent directional trends. Younger, dark plains -forming 
material (unit p) occurs in small patches filling some 
craters and in topographic lows overlying most other 
materials. 

The largest basin in the polar region is Gilgamesh which 
con.slsts of a 150-175 km diameter central depression 
surrounded by hummocky and radial basin ejecta (unit b) . 
Several arcuate scarps in the rugged materials define 
basin concentric rings, but none are continuous. Hum- 
mocky and llneate materials extend roughly two basin 
diameters from the central depression. A well-defined 
secondary crater field extends beyond the rugged basin 
deposit’s and is clearly superposed on both dark cratered 
plains material and bright grooved terrain materials. 

Crater materials may be dated by superposition on terrain 
units and by degradation morphology. The oldest craters 
within crater plains and cratered plain materials are 
incomplete and highly degraded. Some craters superposed 
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on grooved terrain material are overlapped by secondaries 
from Gllgamesh, Yotinger craters are superposed on Gllga- 
mesh ejecta. The youngest craters are well-developed, 
bright rayed features that are superposed on all other 
materials. Many bright patches near 190®-210® longitude 
are part of the extensive ray pattern associated with the 
crater Osiris outside the region. 

The earliest period of high Impact rates is poorly pre- 
served on Ganymede. Most of the early cratered terrain 
was obliterated by crater relaxation and subsequent over- 
printing by the formation of grooved and furrowed terrains 

(1) . The grooved terrain has formed over a long time span 

(2) in response to planet-wide tectonism related to the 
planetary thermal state and the changing thickness of the 
lithosphere (4, 5, 6). Retention of basin and crater 
forms after the formation of furrowed terrains indicates 
that the crust has been fairly stable since the period of 
grooved terrain formation and that meteor impact has been 
a major though declining process for most of geologic 
time. 
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research conducted under NASA Planetology Programs Grant 
NSG 7628, Northeast Louisiana University. Geologic mapping 
of the South Polar Region of Ganymede (Jg-15, 1.-5M) by 
Hal Massursky, U.S.G.S. , Ray Arvidson, Washington Univer- 
sity, and Rene De Hon, Northeast Louisiana University 
is part of the Jovian Satellite Mapping Program, 
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GEOLOGIC MAPPING OF EUROPA; PROGRESS REPORT 


Konrad Hiller, Ludwig-Max tml 11 Ians Universltat and DFVLR, Munich, FRG 
David Fieri, Jet Propulsion Laboratory, Pasadena, California, USA 


Work is continuing on the geological mapping of the Je-3 quadrangle 
of Europa as part of the Galilean Satellite Mapping Program. We have 
tried to differentiate terrain units by morphology, texture, and color 
as well as by lineament character of the predominate lineament type 
within the terrain units. In addition we are trying to formulate 
a lineament generation sequence and to couple such a sequence to the 
larger questions of the interior evolution of Europa. 

The suggestions of Luccitta and Soderblom (1981) as to differentiation 
by spectral type are under study as well as detailed confirmation of 
earlier global studies (e.g. Fieri, 1981). Broad diffuse patterns of 
albedo and spectral differentiation are also under study in the t.ontext 
of implantation of exotics (e.g. SO^) from circum- Jovian space 
(Johnson, 1982-personal communication). 
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GEOLOGICAL MAP OF MARS, 1:15M SCALE, NORTHEAST QUADRANT 


R, Greeley, Department of Geology and Center for Meteorite Studies, Ari- 
zona State University, Tenpe, A2 85287 

As part of the U.S, Geological Survey program, geological maps of 
Mars are currently being prepared at a scale of 1:15M by D. Scott (Princi- 
pal Investigator), M.H* Carr, J.S. King, R. Greeley, and J*E, Guest, with 
each investigator being responsible for major regions; this global mapping 
is based on Viking images. This report concerns the northeast quadrant of 
Mars (U® to 65® North; 180® to 360® West); individual 1:2M photomosaics 
(total of 30) were mapped geologically and then compiled on the new 
U.S.G.S. 1:15 m airbrush map base. Preliminary compilation shows that the 
approximately 36 mapped units can be classified into the following major 
groups: 1) plains units, 2) plateau units, 3) volcanic units, 4) various 
crater units, and 5) surficial units. 

Plains units (excluding obvious volcanic units) occur primarily in 
the northern lowlands and are interpreted to be the result of various 
periglacial and aeolian processes. Plateau units are found principally in 
the cratered uplands in the southwestern part of the map; they appear to 
be mantling materials of possible volcanic and/or aeolian origin; some of 
the plateau units have been incised by valley networks and **etched” by 
wind, water, and/or sapping processes. Volcanic units occur principally 
in association with the Elysium region and in Syrtis Major. They include 
shield-building lava flows, flood-and plains-type lava flows, and possible 
lahars; small conical hills (many with summit craters) found in some of 
the northern latitude plains nay be cinder cones and/or "psuedocraters** of 
the Icelandic type. Crater units include materials associated with cra- 
ters of all sizes, including basins; however, crater materials (rim and/or 
ejecta deposits) smaller than about lOU km across were not mapped. Surfi- 
cial units include albedo, various mass-movement materials, channel depo- 
sits, and patterns presumed to be aeolian in origin. 

The mapping is now in review. When completed, the 1;15M series will 
serve as the primary data base for the Mars Consortium Project. 
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GEOLOGIC MAPPING OF MARTIAN VALLEY SYSTEMS II: 

AEOLIS REGION 

D.C. Pieri^ and T. Parker^ 

^Jet Propulsion Laboratory, Pasadena, California 91109 
^Department of Geology, California State University at 
Los Angeles 


As part of a continuing effort to produce a series 
of maps of selected small valley systems across Mars, 
we are mapping an area of the heavily cratered terrain 
near A1 Qahira Vallis in the Aeolis region. This is 
one of the oldest areas of Mars and shows extensive 
valley net'^ork development in various stages of obliteration. 
Our data base is almost exclusively the new high- 
resolution Survey Mission data obtained during the last 
operational period of Orbiter 1 . 

Our mapping area consists of a region of heavily 
cratered terrain which has been heavily eroded and 
faulted. Impact craters are ubiquitous , superimposing 
and being superimposed by valley networks. In this area 
valley networks appear to occur preferentially in lower 
smoother intercrater plains units, although they 
exist in all of our preliminary units. Impact crater 
morphologies range from highly degraded to fresh, 
with large (25 km) craters showing well-developed 
and extensive rampart ejecta blankets. Units downcut 
by the flows forming A1 Qahira Vallis have intricate 
digitate valley networks superimposed on them which 
v/ere truncated by the A1 Qahira flows. 

Preliminary crater counts shov; the valley networks 
to be quite old, with faint integrated networks 
appearing to be the oldest. Steep-walled stem systems, 
rare in this area, appear younger, and are confined 
to the intercrater plains. This area appears to be 
quite complex with regard to valley formation, and it 
appears that a variety of network morphologies span 
much of the period of regional development and are 
present in older substrate as well as the newer intercrater 
plains. In any case, however, the systems are probably 
older than 2by BP. 


354 



VOYAGER CARTOGRAPHY 

R. M. Batson, U. S. Geological Survey, Flagstaff, AZ 86001 

The Jovian and Saturnian satellites are being mapped at several 
scales from Voyager 1 and 2 data. Details of the Galilean satellite 
mapping program are given by Batson and others (1980). The Saturnian 
satellite mapping plan and other details of methods used in Voyager 
cartography are summarized by Batson and others (1981). 

Compilation of airbrush maps of the Galilean satellites at a scale 
of 1:5,000,000 are progessing well. Two maps of Europa, two of lo, and 
three of Ganymede are in press. One map of lo and three of Ganymede are 
in compilation. Six preliminary pictorial maps of the Saturnian 
satellites, compiled with Voyager 1 and 2 data, have been published. 

An atlas containing the preliminary maps of the Saturnian 
satellites is in press. The atlas contains both conformal and equal- 
area projections of each map. Voyager 1 and 2 images that were specially 
processed and perspective grids for each of the images. 
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1:2,000,000 SCALE CONTROLLED PHOTOMOSAICS OF MARS 
R. M. Batson and R. L. Tyner, U. S. Geological Survey, Flagstaff, AZ 
86001 


Compilation of a series of 140 controlled photomosaics of Mars at a 
scale of 1:2,000,000 Is In prooress. Details of the series are 
discussed by Batson and Tyner (1981). To date, 94 mosaics have been 
published, 12 are in press, and 34 are In preparation. The latter 
Include mosaics of the polar regions, where Illumination angles, surface 
frost conditions, and cloud cover vary widely. Consequently these 
mosaics have a patchy appearance, and. In many cases, a dynamic range 
not well accommodated by the printing process. Some of the moslacs 
published earlier did not have complete coverage or contained areas of 
coverage by pictures of questionable quality because all the Viking 
pictures had not been cataloged at the time of compilation. Current 
plans call for upgrading these maps with newly located photographic 
coverage. 

References 


Batson, R. M., and Tyner, R. L. 1981, 1:2,000,000 scale controlled 

photomosaics of Mars: Jji Reports of the Planetary Geology Program, 
1981, NASA TM 84211, p. 487-488. 


356 



REVISIONS OF 1:5,000,000 SCALE MARS MAPS 

R. M. Batson and P. M. Bridges, U. S. Geological Survey, Flagstaff, 

AZ 86001 

Several of the 1:5,000,000 shaded relief maps of Mars originally 
compliled from Mariner 9 pictures are being upgraded by adding details 
from the Viking Orbiter pictures to the original airbrush drawings. No 
attempt is being made to reposition features according to new control 
data; the maps remain tied to the Mariner 9 datum (Davies, 1973). The 
maps in the northern hemisphere of Mars are particularly improved by 
these revisions because the resolution of Mariner 9 pictures was very 
poor in that region. Also, Mariner 9 pictures taken near periapsis in 
the martian equatorial region are often degraded by cloud or haze 
cover. The maps are therefore improved considerably by the addition of 
information from the Viking Orbiter pictures. The status of the 
revisions is as follows: 

Quadrangles published or in press: 9 

Quadra:igles in revision process: 5 

Quadrangles yet to be done 16 
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SPECIAL PURPOSE MARS MAPPING 

R. M. Batson, U. S. Geological Survey, Flagstaff, AZ 86001 

Two special maps of Mars are In press. These are the Chryse 
Planitia map and the topographic map of the Phoenicis Lacus NW 
quadrangle of Mars; the shaded relief was done by Patricia Hagerty and 
the contour overprint was described by Wu and others (1980). 

A special series of controlled photomosaics has been designed for 
compilation at the scale of 1:500,000. These maps will contain the 
highest resolution pictures taken by Viking, many of which have 
resolutions of 10-30 m per pixel. Some spacecraft telemetry required 
for computation of Image rectification parameters Is not available for a 
very large number of these pictures, so W. T. Borgeson and Kathleen 
Edwards hive developed special software for synthetic rectification by 
digital-image processing methods. Compilation of the first quadrangles 
In the series has begun. 
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ALBEDO MAP OF MARS 

R. M. Batson and Susan L. Davis, U. S. Geological Survey, Flagstaff, 

AZ 86001 

A large number of pictures were taken by the Viking 1 spacecraft 
from near apoapsis under near zenith illumination. One large set was 
taken during revolutions 614 through 699, and a second set during 
revolutions 1323 through 1347. The martian season, or I, during which 
the pictures were taken, ranges from 52° through 87°. These seasons 
cover approximately 85 percent of the area shown on the two equatorial 
sheets of the newly published 1:15,000,000 map of Mars. The pictures 
constitute the largest available image data set taken over a narrow 
time-frame, under clear atmospheric conditions, from which a synoptic 
albedo map of Mars can be made. 

The map is being compiled in two phases. The first phase, now 
complete, consists of an airbrush drawing superposed on the two 
1:15,000,000 equatorial map sheets. Pictures taken through the red 
filter on the Viking 1 camera were used for this drawing. The pictures 
taken during revolutions 614 through 699 were radiometrically processed 
to produce color images and were digitally transformed to Mercator 
projections (Batson and others, 1979). The second set has not undergone 
such processing, and the albedo patterns were interpreted visually from 
standard images available from the Planetary Data Facility. Absolute 
albedo levels on a planetwide basis were controlled by the Viking 
Infrared Thermal Mapper (IRTM) Solar albedo image available from the 
Mars Consortium data set (Pleskot and Miner, 1981). Digital processing 
and mosaicking of a1 i the images, which constitutes the second phase of 
the effort, is now underway. 
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THE CONTROL NETWORKS OF THE SATELLITES OF JUPITER AND SATURN 

Davies, Merton E. , The Rand Corporation, Santa Monica, California 90406 

Geodetic control networks are being computed photogrammetrlcally for the 
large satellites of Jupiter and many of the satellites of Saturn using 
pictures from the Voyager 1 and 2 encounters. Control points have been 
Identified on the satellites and their coordinates computed by single-block 
analytical trlangulatlons. The status of the control nets Is suonarlted In 
the following table: 


Normal Overdeter- 


Satellites 

Points 

Pictures 

Measurements 

Equations minations 

o(um) 

Jupiter 

lo 

598 

240 

9812 

1916 

5.12 

12.36 

Europa 

174 

120 

3664 

708 

5.18 

11.88 

Ganymede 

1669 

295 

17212 

4223 

4.08 

21.37 

Calllsto 

575 

207 

8736 

1771 

4.93 

17.95 

Saturn 

Mimas 

110 

32 

1356 

316 

4.29 

13.43 

Enceladus 

71 

22 

1052 

208 

5.06 

19.19 

Tethys 

110 

27 

924 

301 

3.07 

13.32 

Dione 

126 

28 

1322 

336 

3.93 

16.63 

Rhea 

336 

84 

3554 

924 

3.85 

20.93 

lapetus 

(Vgr 1) 

15 

14 

218 

72 

3.03 

22.62 

(Vgr 2) 

44 

66 

1632 

286 

5.71 

11.84 


Coordlnates for the control points on the Galilean satellites have been 
reported In Davies and Katayama, 1981. The mean radii as measured by the 
trlangulatlons are lo, 1815 km, Europa, 1569 km, Ganymede, 2631 km, and 
Callisto, 2400 km. The longitude systems of Europa, Ganymede, and Calllsto 
are defined by craters on their surfaces; because of the extensive volcanlsm 
on lo, no feature has been chosen for this purpose on lo. 

The surfaces of the Saturnian satellites Mimas and Enceladus are ellipsoidal. 
For Mimas the best fit axes are a * 200 km, b » 196 km, and a - 194 loo; 
for Enceladus the axes are a - 256 kn, b » 250 km, and c ■ 248 km (see Davies 
and Katayama, 1982). The mean radii of the other Saturnian satellites are 
Tethys, 525 km, Dione, 560 km, Rhea, 765 km, and lapetus, 725 km. In the 
computation of the control nets it is important that the pictures and points 
completely encircle the body; %ri.:h flyby missions this is sometimes difficult 
to achieve because of the great difference in resolution between pictures 
taken early and late in the flyby. Sometimes pictures from a second flyby 
help fill gaps; thus the control nets of Tethys, Dione, and Rhea contain 
pictures from both Voyager 1 and 2 encounters and do encircle the satellites. 
The control net of Mimas contains pictures taken by Voyager 1 and does 
encircle the satellite, whereas the control of Enceladus contains pictures 
taken by Voyager 2 and does not encircle the satellite. The control net of 
lapetus contains two regions, one from pictures taken by Voyager 1 and 
another from pictures taken by Voyager 2. The regions do not overlap and 
It has not been possible to tie them photograznnetrically. 
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THE CONTROL NETWORKS OF THE SATELLITES OF JUPITER AND SATURN 
Davies, Merton E. 
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THE CONTROL NETWORK OF MARS: September 1982 

Davies, Merton E., The Rand Corporation, Santa Monica, California 90A06 

Strips of Viking dapping pictures are being added to the planetvlde control 
networks of Mars. These high resolution strips run from the Viking 1 
lander site east to Alry-^, north along the 0^ Mrldlau to 60** latitude, 
southwest through the Viking 1 lander site to the equator, and west along 
the equator to 18(i^ longitude. Everywhere along these strips, old points 
are incorporated In the seasurenents thus assuring that the strips and 
planetwide net make up a single large data set. The control points are 
much denser In the areas covered by the strips than In those regions not 
covered by strips and as they are usually associated with smaller craters 
their coordinates will be more accurate. Within the strips the standard 
error of the coordinates of the control points is estimated to be less 
than 3 km and the error In longitude of e few points near Alry-0 is less 
than 40 m. 

The horizontal coordinates of the control points on Mars have been updated 
with a slngle'^block planetwide analytical trisngulatlon computed In 
September 1982. Coordinates of the points will be published later this 
year. The computation contalnd 47524 measurements of 6853 points on 1811 
pictures. These comprised 1054 Mariner 9 and 757 Viking frames. The 
overdetermination factor was 2.48 and 19139 normal equations were solved. 
The standard error of measurement was 18.06 ym. The longitude of the 
Viking 1 lander site was 47?962 and the latitude of Alry-0 was -5?152. 

The last published control net (Davies et al., 1978) contained coordlnat . 
of 4138 control points nnd gave the longitude of the Viking 1 lander site 
as 47?968 and the latitude of Airy-0 as 5?142 thus the location of the 
Viking 1 lander site was moved 360 m and Alry-0 was moved about 600 m. 
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MAPPING PRECISION OF THE VIKING LANDER IMAGES 

Sherman S.C. Uu, Loretta Barcus, and Francis J. Schafer, U. S. 

Geological Survey, Flagstaff, AZ 86001 

The solution to the problem of photogrammttnc mapping of the 
Viking Lander Images Includes two approaches: Off-line and on-line 
(Wu, 1979; Mu et al., 1982). The off-line digital Image processing 
Introduces errors In linear interpolation from the GtOM stretch 
method. Therefore the most accurate method Is the on-line approach, 
where all conversions and corrections are n'ade In real time on an 
analytical plotter. However, map precision Is limited by the 
performance of the facsimile cameras and the Ima^e resolution. Images 
from the Viking Lander cameras Include two dlffern^nt resolutions with 
pixel sizes of 0.04** and 0.12**, I.e. high and low resolutions respec- 
tively. Because each Image element is obtained by scanning In both the 
azimuth and elevation directions (Wu, et al., 1982), the photogrammetric 
accuracy Is Indirectly determined by the performance of the servo 
mechanisms. Analyses by Huck et al. (1975) give maximum angular e» ''S 
of 10.15® and 10.30® for azimuth and elevation, respectively. In the 
low-resolution Images; and +0.1® and 10.2® for azimuth and elevation 
respectively. In the high-resolution Images. These figures Include all 
errors of the servo mechanisms, position of the photosensor array and 
the camera mounting deviations. Therefore these figures will determine 
the absolute precision, where as the Image resolution, the smallest 
resolvable Image element can be used to determine the relative 
precision. In the analysis of the mapping precision of the Vlk.’ng Lander 
Images. 

If X^, Y^, and Z^, In the Viking Lander camera coordinate system 
are coordinates of a ground object (Wu, et al., 1982), of which aA^j and 
aA 22 » and and E 2 , are azimuth and elevation elements on photographs 
from cameras 1 and^2 respectively, and the base between the two cameras 
Is designed by b which has a calibrated distance of 0.821 m, then 


7 - u 

^c “ tan aA^j - tan AA^g 

Yc » - (tan aA^^ • tan aA^^) 

tan Ej tan 
^c ^cos aA^j * cos aA^ 2 ^ 


( 1 ) 

( 2 ) 

(3) 


The standard errors of these three coordinates can be determined 
based on the theory of error propagation by partially differentiating 
these three coordinates wlln respect to their variable components. They 
can be expressed as: 


®Z 


^ (sec ^aA 


zl 


+ sec 




( 4 ) 
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1 I w2 . /b\ 2-1 V2 
Z '2^ J 

Ox = X [-^ 0 ^ + ^ o| + (sin 2E^ + sin 2 E 2 ) • 0 ^] ^^2 


(5) 

( 6 ) 


Using equations 4, 5, and 6, relative and absolute mapping 
precision from Viking Lander images are calculated respectively with the 
image resolution and the uncertainties due to the performance of the 
cameras. 


Relative Precision - With a C 04° and a 0.12° smallest resolvable image 
element (pixe^) for both azimuth and elevation, respectively for the 
high- and low-resolution images, the relative mapping precisions are 
calculated separately for each resolution as lifted in Table 1. 

Z-coordi nates, the ranges of objects, are calculated every 2 m from 1 m 
to 9 m; Y-coordi nates, which are 90° to Z, and are at left and right of 
vhe range, are calculated from +5 m to -5 m; and X-coordi nates, v^ich 
are elfevations of object points with positive toward the ground, are 
calculated from 1.0 m to 2.0 m with an increment of one-half meter. 

These figures cover the mappable areas of the two Viking Landers. For 
example in Table 1, the standard errors of Z, Y, and X from high 
resolution images are 3 nn, 3 mm, and 5 11 m respectively for a point at 
the location of Z = 1 m, Y = 1 m, and X = 1.5 m. 

Absolute Precision - With angular errors 0.1° and 0.2° respectively for 
azimuth and elevation of high-resolution images, and 0.15° and 0.30° 
respectively for i imi th and elevation of low-resolution images, limited 
by the performance of the camera, the absolute mapping precision are 
calculated separately for each resolution as listed in Table 2. The 
actual mapping precision is considered better than the precision as 
listed in Table 2 due to the fact that the camera bolt down errors had 
been carefully calibrated and had been corrected in the mapping process 
(Wolf, 1976, Wu, et al., 1982). 
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TABLE 1 - RELATIVE MAPPING PRECISION OF BOTH HIGH- AND LOW-RESOUTTION IMAGES FROM 
FACSIMILE CAMERAS OF THE TWO VIKING LANDERS 
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TABLE 2 - ABSOUfTE MAPPING PRECISION OF BOTH HIGH- AND LOW-RESOLUT ION IMAGES FRai 
FACSIMILE CAtCRAS OF Tl€ TNO VIKING LANDERS 



Resolution 

j High Roso 1 ut 1 on 

I Low Resolution J 

2(m) 

Y(m> 

■ 

±1 

±2 

±3 

±4 

±5 

j 0 

±1 

±2 

±3 

±4 

1+5 

■ 



m 

7 

16 

31 

53 

80 

mmm 

10 

24 

47 

El 

1 19 

■ 



B 

8 

33 

95 

211 

400 


11 

50 

143 

m 

599 , 

B 

x(m) 

njmii 

■1 






■1 




H 


iB 

t,0 


6 

6 

17 

32 

53 

mm 

iia 



■Ql 


120 


1.5 

a^(mm) 

11 

14 

26 

48 

80 

Igl 

mm 



WM 


180 

■ 

2.0 


16 

19 

35 

64 

106 

160 

i|B 


52 

96 


240 




28 

31 

40 

55 

76 

ia 

41 

46 

60 

83 

114 

155 




4 

11 

27 

56 


|g 

i 6 

17 

41 

83 

153 

260 

3 








B 








1.0 


11 

12 

14 

19 

26 

35 

16 

17 

21 

26 

39 

52 


1.5 


17 

18 

22 

29 

39 

52 

26 

27 

33 

44 

59 

79 


2.0 


23 

25 

30 

39 

53 

70 

35 

37 

45 

59 

79 

105 



0 (mm) 

76 

79 

88 

103 

124 

151 

114 

116 

132 

154 

186 

227 



a (mm) 

6 

17 

36 

62 

100 

152 

9 

26 

54 

94 

150 

228 

5 

x(m) 

y 














1.0 


16 

17 

18 

21 

25 

31 

24 

25 

28 

32 

38 

46 


1.5 

a^(mm) 

25 

26 

28 

32 

38 

46 

37 

38 

42 

49 

58 

69 


2.0 


33 

34 

38 

43 

52 

62 

50 

52 

57 

65 

77 

93 



O^(mm) 

146 

151 

160 

175 

196 

223 









0 (mm) 

9 

23 

47 

76 

113 

160 






240 

7 

X(ffl) 

y 

L 











■1 


1.0 


1 22 

22 

23 

26 

29 

32 

33 

35 

35 

38 

43 

48 


1.5 

a (mm) 

: 33 

34 

36 

39 

43 

49 

50 

51 

54 

58 

65 

73 


2.0 


I 44 

45 

48 

52 

58 

65 

67 

68 

72 

78 

87 

98 


iin 

HBli 

244 

247 

256 

Bl 


B 

366 

371 

384 

407 

438 

479 


■ 


11 

30 

58 

B 



17 

45 

87 

137 

196 

267 

9 



1 



B 


B 








1.0 


28 

23 

29 

31 

33 

36 

42 

42 

43 

46 

49 

54 


1.5 

a^(mm) 

1 42 

42 

44 

46 

50 

54 

63 

64 

66 

69 

75 

81 


2.0 


56 

57 

59 

62 

66 

72 

84 

85 

88 

93 

100 

109 
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PLANETWIDE CONTROL NETWORK OF MARS 

Sherman S. C. Wu and Francis J. Schafer, U. S. Geological Survey, 
Flagstaff, Arizona 86001 

Pictures taken by Viking Orbiters 1 and 2 are being used to make 
planetwide contour maps of Mars (Wu, et al., 1982). Publication at 
1:2,000,000 and 1:15,000,000 is planned. The photographs are used in a 
block adjustment to produce a planetwide control network in an 
equatorial band and a polar band. The equatorial band covers 
approximately 60® of latitude. The two polar regions beyond the 
latitude of 65® are almost entirely covered by the polar band. 

A total of 800 photographs are used with 500 for the equatorial 
coverage and 300 for the coverage of the polar band outside of the 
equatorial region (Table 1). Footprints of photo coverage are shown in 


TABLE 1 - CATGORIES OF VIKING ORBITAL PHOTOGRAPHS USED FOR THE PLANETARY 
CONTROL NETWORK OF MARS 


BAND 

EQUATORIAL 

pm 


TOTAL 

MISSION 
RMAG (KM) 

VO-1 

VO-2 

VO-1 

VO-2 

<24, Goo 
24,000 TO 37,000 

40 

400 

21 

43 

117 

10 

127 

93 

TOTAL 

480 

20 

160 

137 

798 

501 

297 


Figures 1 and 2 respectively for the equatorial and the polar bands. 
Geodetic coordinates of ground points are calculated by anr’vtical 
aerotriangulation through a block adjustment using the U. f 'ological 
Survey's GIANT program. Control data for the adjustment in je the 
spacecraft positions determined by Earth-based tracking, occuiiation 
points from both Mariner 9 and Viking missions (Kliore et al., 1970, 
Lindal, 1978), Earth-based radar observations (Downs et al,1982) and the 
planimetric control net derived by Davies (Davies et al , 1982). 
Spacecraft positions are given very high weighting in the computations, 
because they cannot be determined accurately any other way. Similarly, 
the horizontal components of the Davies planimetric net and the vertical 
components of the radar and occultation net are given high weight. New 
vertical values are computed for the points in the planimetric net, and 
new horizontal values for the radar and occultation measurements. 

Camera positions and orientations are also adjusted for their internal 
consistency. The final net includes not only the above points, but the 
horizontal and vertical locations of a third set of image points 
required to control photogrammetric mapping. 

The planetwide control network of Mars is expected to be completed 
in the first half of fiscal year 83. 
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Figure 2 - Photo coverage of Mars control net (polar band) 
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THE SOLUTION OF THE LAYOVER PROBLEM OF SIDE-LOOKING RADAR IMAGES 
Sherman $.C. Wu, U. S. Geologi cal ^rvey, Flagstaff, Arizona 86001 

Because of Its method of illumination and image formation, the 
direct use of radar images for map compilation is precluded on 
conventional photogrammetric equipment. Both radar shadow, which occurs 
at low depression angles, and radar layover (non-unique return at high 
depression angle:) make stereo mapping difficult and canplicated. 
However, radar shadow can be eliminated from the stereo coverage area 
with images taken from the same side, where as the layover problem is 
mathematically solvable. 

Layover is caused by the fact that the radar measures range from 
the radar antenna to an object regardless of the terrain relief. For 
airborne systems, higher elevation terrain features appear closer to the 
antenna and may overlap lower elevation terrain features; radar energy 
scattered off the tops of mountains returns to the antenna before that 
scattered off the mountains' toes. This phenomina is just the opposite 
from conventional aerial photography, therefore the radar image 
displacements due to elevated terrain are toward to the nadir point of 
the camera (radar station) where as displacements o' conventional aerial 
photography are away from the nadir point of the camera station. This 
is perhaps one of the most severe obstacles in stereo radar mapping. 

The mathematical solution to the radar layover problen involves two 
equations, each of v^ich represents a circle or a sphere, and relates 
the radar station and radar range to a ground point in each of a pair of 
overlapped radar images. As shown in figure 1, Pi and Po are two flight 
paths, from which stereo radar images are taken; and So are two radar 
stations from which radar images of ground point G are taken; and and 
Rp are ranges of G measured respectively from Sj and $ 2 . By assuming 
that the coordinates of the beginning and the ending points of each 
path, B and E are known, or any other control points along the radar 
paths are knov/n, then the coordinates X^, Yi, H,, and X 2 ,Y 2 , H 2 of Sj 
and $2 can be interpolated. P^ and P 2 can be straight lines, or can be 
curves if additional intermediate control points, I's, are known along 
the paths. The two equations, and C 2 , respectively for the two 
circles are; 

Cl = fj (Sj, Ri, G) 

C 2 = f2 (^2* '^2' 

and the unknown coordinates, Xq,Yq, and Hq are the ground coordinates of 
6, which is then one of the two intersections of the two circles. The 
two equations are: 

(Xg - Xi)^ + (Yq - Yi)2 + (Hp^ - Hi)2 = Rj^ 
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(Xq - + (Yg - + (Hg - H^) * = «2 

Where Hg *V2C(Hi + H2) - (Rj sin Oj + R2 sin 02)] 
and, 0 j and ©2 are depression angles of 6 respectively at radar stations 
Sj and S^. If and ©2 are in the same vertical plane, they can be 
determined by the follovnng equations: 


0 


R,^ + - R2^ 

1 = "OS [ Tr^b ] 


- R,^ 

©2* 139 ° - arc cos [ — - — — g ] 


B is the air base between the two radar stations. 

This will leave only two unknowns, Xg and Yg, to be solved in two 
equations. Of course two solutions will be obtained for each of Xg, 

Yg. Only one of those two answers is correct and is deternined by the 
depression angles. 

On the analytical stereo plotter, once Xg, Yg and Hg are 
determined, the computer will cause the radar images to be displaced as 
in conventional aerial photography, so that the stereo model can be 
retained. 

Combined with techniques of image correlation, this concept of the 
solution of the radar layover problem is a new approach which can be 
used in the future design of a radar stereoplotter, and which will also 
certainly include general cases such as where the ground points and the 
two radar stations are not in a vertical plane 
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THE COMPLETION OF PHOTOGRAMME TRIG COMPILATION OF THE GLOBAL TOPOGRAPHIC 

W~oF The ^On 

Ghennan S. C. Wu, IJ. S. Geological Survey, Flagstaff, Arizona 86001 

A new global topographic map of the Moon, based on a new 
topographic datum (Wu, 1981a), is under compilation at a scale of 
1:5,000,000 with a contour interval of 500 meters. The coordinate system 
used is the same as that of the control nets derived by the Defense 
Mapping Agency (Doyle et al , 1977). 

Contour maps compiled by photogrammetric methods using all 
available stereo pairs of metric photographs from the Apollo 15, 16, and 
17 missions (Wu, 1981b) were compiled as an intermediate step, and will 
be published as special maps in the DMA LOC format, at a scale of 
1:2,750,000. Preliminary copies of the LOC-3 map (Wu, 1981b) have been 
distributed to principal investigators in the Planetary Geology Program. 

Figure 1 is an example of the map formats of LOC-1, -2, and -4. 
Figure 2 shows the stereo coverage of the models used to compile LOC- 
4. Publication of all four sheets in fiscal year 33 is planned. 
Completion and publication of the global map is also planned for fiscal 
year 83. 

This compilation was done on analytical stereoplc „ers from 566 
stereo models (see table) with the collaboration of Raymond Jordan, 
Francis Schafer, Michelle Kerrick, Annie-Elpis Howington, Patricia 
Garcia, Colleen Maurer, Carol Hildeman, Sherri Bergstrom, Susan Rooming, 
and Loretta Barcus. 


LOC No. 

LOC-1 

LOC-2 

LOC-3 

LOC-4 

TOTAL 

Apollo Mission 
15 

6 

43 

218 

17 

334 

16 


35 

62 

8 

105 

17 


11 

60 

56 

127 

TOTAL 

6 

1 

139 

340 

81 1 

566 
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Topographic map of the Moon, LOC-4. The map Is compiled by Photogrametrlc methods 
using Apollo metric photographs. Contour Interval is 100 meters. 
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Figure 2 - Apollo photo coverage and list of stereo nodels used for the 
photograoiBetrlc compilation of the contour map of the Hoon 
(LOC-4) 
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VIKING LANDER MONITOR MISSION IMAGING INVESTIGATION 
STATUS REPORT 

Stephen D. Wa11, Jet Propulsion Laboratory 


'he ViKing Lander Monitor Mission operatls the Mutch Memorial 
StatLm, formerly the Viking I lander, which continues to provide t lagery, 
metecrilcgy and ranging data on a weekly basis from Mars. The lander 
Is progrt,i»iied to continue operations through 1994, and current Indications 
are v.hu’, l:Ue lander may survive until then If the storage capacity of the 
four onDoard batteries can be maintained. Considerable engineering effort 
Is being devoted to prolonging battery life through conditioning (charge- 
discharge) cycles. Flight software changes have buen made this year which 
have performed conditioning excercises. As a result three of the four 
batteries have been restored to about 80% of their original capacity. All 
other critical systems on the lander are operating nominally. 

Imaging data Is processed routinely by JPL's Image Prnressing Lab and 
released periodically to the N-ASA Regional Planetary Libraries. The Imaging 
strategy Is to monitor a few areas approximately monthly, and otherwise 
to repeat previous Images with the same lighting geometry to Identify 
changes. Such images ("repros") have shown that the scene Is dynamic, 
though not strikingly so. Fine material is periodically redistributed, doth 
eroded and deposited, and there ib no clear sign that either dominates. 
Figure 1 Is a repro pair comparing sol 1402 with sol 2068 showing typical 
redistribution of a thin layer above the cemented surface near the lander. 
More evidence of redistribution can be seen near the horizon. Figure 2 1^ 
not a repro pair, but despite differences Is llghtl'jg It Is clear that a 
centimeter or two ►'as b»en removed from a pile made oy the surface sampler. 
These images were taken on sols 441 and 1765. Although It Is not possible 
to determine the times of these events, repro and other pairs can bracket 
them, and the times are consistent with a third year dust storm In the same 
season or perhaps somewhat later than the first two years' storms (Ryan and 
Sharman, J. Geophys . ^s. 86, C4). We hope that meteorology data can 
further localize these occurences In time. 
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RECENT STUDY IN SUPPORT OF A MARS NETWORK MISSION 
Steven W. Squyres, Palmer Dyal, Robert M. Haberle, Robert W. Jacksor. 

James P. Murpby. and Ray T. Reynolds, NASA-/^s Research Center, Moffett 
Field. CA 94035. 

The general objective o^ the Mars Network Mission is to establish 
a global network of seismic stations, meteorological stations, and 
geochemical and geophysical observation sites on Mars. This objective 
can be accomplished by 'he emplacement of penetrators, which are 
instrument- laden missile-like projectiles that impact the surface at 
high velocity and become buried. A network mission has mar\y attractive 
features, including the acquisition of data from sites too dangerous for 
soft landers, direct sampling of subsurface material, solid coupling 
to the ground for seismic experiments, acquisition of data from many 
widespread sites on Mars at a cost far lower than possible by other 
means, and use of simple and tested technology. 

The basic penetrator design is rocket-shaped with a bullet-like 
nose and a flared conical aft section. The penetrator is approximately 
10 cm in diameter and 140 cm long, and has a mass of 30-40 kg. When it 
penetrates the surface, a small afterbody separates and remains at the 
surface, where it performs scientific observations and comnuni cates with 
an orbiter. The forebody and afterbody are connected by an umbilicus 
that is deployed from a storage area in the forebody. A radioisotope 
thermal generator (RTG) in the forebody provides power for both sections. 
The afterbody is subjected to a deceleration of about 20,000 g for 
2-3 msec upon impact, while the forebody is subjected to 2,000-20,000 g 
depending on the depth of penetration. 

The orbiter design for the network science mission has not yet 
been determined, but will closely follow that eventually chosen for 
other proposed low cost Mars orbiters in order to minimize hardware 
development. The only science instruments under consideration for the 
orbiter are ones that would directly support the surface observations. 

A network of penetrators and the communications relay orbiter can 
be delivered to Mars by one of several types of missions. For example, a 
low-cost Payload Assist Module (PAM-A) upper stage could target and 
separate 4 penetrators from approach and provide enough propellant for 
an orbital relay spacecraft to enter a 24-hour elliptical orbit, A 
larger SRM-1 upper stage could target and separate 20 penetrators from 
approach or 10 penetrators from a low altitude circular orbit. An 
attractive alternative might be to use a spacecraft already in orbit 
around Mars from some previous mission for the relay. The penetrators 
could then be carried to Mars on a simple penetrator bus and would be 
targeted and separated from the bus during approach to Mars. A 
separate launch penetrator mission using a PAM-A could easily carry 6 
penetrators and possibly as many as 8 if a lightweight bus could be 
designed. 
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Two major considerations govern the selection of penetration sites: 
establishment of effective local and global seismic and magnetic networks, 
and acquisition of data from areas of widely varying meteorologic and 
geologic characteristics. At least three closely-spaced penetrators 
should be placed In an area of suspected high seismicity. A good 
candidate would be the Tharsis region. The penetrator spacing should be 
close enough to make detection of weak or Infrequent seismic events 
likely (on the order of 500 km). As many additional penetrators as 
possible should be widely distributed to give good global seismic, 
magnetic, geochemical, and meteorological coverage at sites of high 
geologic Interest. At least 4 penetrators separated by distances of 
roughly 5000 km would be required for an effective global seismic 
network. One of these could of course be part of the local network. 

Prime target candidates would Include the polar layered deposits, 
major outflow channel floors, areas of suspected Ice-rich permafrost, 
and ancient cratered highlands. A major volcano could presumably be 
Included In a seismic array In the Tharsis area. 

A wide variety of scientific experiments could be conducted by a 
network mission. These Include: 

Selsmometry - One attractive design for a penetrator seismometer 
would be a combined bubble tlltmeter and force balance acceleroi.eter 
that has been Investigated at Caltech. A bandwidth of 0.01-5 Hz and 
a resolution of 10~° g would be desirable and should be achievable. 

The principle areas where work Is required for a penetrator seismometer 
are event detection, data compression, and Impact survival. A data 
compression algorithm for the tlltme ter/accelerometer Instrument has been 
devised that would produce 1.5 x 10^ bits per day. Some successful 
high g-load testing has been performed on seismometer components. 

Magnetometry - The best magnetomotry Instrument for a penetrator 
would probably be three orthogonal fluxgate magnetometers. Determination 
of the bulk electrical conductivity properties of Mars would also 
require simultaneous monitoring of changes In the forcing magnetic field 
Dy a magnetometer on the orbiter. 

Heat Flow - Heat flow measurements could be conducted with 
temperature sensors 1r the penetrator forebody, in the afterbody, and 
spaced at regular Intervals along the umbilicus. The sensors could be 
platinum resistance thermometers, solid-state temperature sensors, 
thermistors, or low temperature thermocouples. 

Gamma Ray Spectrometry - An active gamma ray experiment for a 
penetrator would consist of a pulsed neutron source and a Nal or Csl 
gamma ray detector. Pulsed neutron sources are currently available 
that would be well suited to a penetrator mission. Such sources emit 
10 us pulses of 14 MeV neutrons at an Intensity of 10^ n° ns"^ produced 
by a deuteri urn- tritium reaction. Typical sources have diameters o^ 5 cm 
and lengths of 15 cm. These neutron sources have been thoroughly tested 
In penetrators on Earth. A Nal or Csl detector would oe capable of 
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giving relative abundances of all the major rock-forming elements. 

Typical detectors are 20-25 cm long. Nal detectors have better resolution 
than Csl by a factor of 2, but single crystal Nal detectors are 
considerably more fragile than single crystal Csl detectors. A 
recently developed Nal polycrystal detector, however, has Nal's 
resolution with substantially improved strength. 

Material Properties (Stratigraphy) - The instrument required for 
determination of subsurface material properties and stratigraphy is an 
accelerometer. This instrument would sense the deceleration experienced 
by tile penetrator forebody as it slowed and came to rest beneath the 
surface. Variations in material properties would appear as irregulari- 
ties in the deceleration record. An instrument of this type is also 
required to determine the depth of penetration. Such accelerometers 
exist and have been extensively tested on penetrators. 

Imaging - One attractive type of imaging system for a penetrator 
would be a small charge-couoled device (CCD). The camera would of 
course be mounted on the highest part of the penetrator afterbody. A 
typical design would have about 8 bits per picture element, and no 
filters for mechanical simplicity. CCD arrays have been successfully 
tested to very high g- loads. 

Meteorology - Several instruments would be required to make up a 
meteorology package in the penetrator afterbody. These include pressure, 
temperature, humidity, opacity, wind direction, and wind velocity 
sensors. As yet, no instrument prototypes have been developed for use 
in penetrators. Much additional information could be gained from an 
infrared radiometer onboard the orbiter that gives atmospheric thermal 
profiles. These profiles, when combined with simultaneous meteorological 
observations from a network of surface sites, would substantially 
improve our understanding of the martian atmospheric circulation. 

Costs for Mars network missions have been estimated by Science 
Applications Incorporated (SAI). The costs for these missions are 
comparable to those for Mars orbiters, and very much less than those for 
soft landers or rovers. 
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SPATIAl RESOLUTION AND AREAL COVERAGE OF MARS BY THE VIKING ORBITER 
CAMERAS 

M.H. Edwards and R.E. Arvidson, McDonnell Center for the Space 
Sciences, Washington University, St. Louis, Missouri 63130 


As noted by Davies and Murray (1971), the areal coverage at 
some stated spatial resolution (or better) is a useful way tc 
visualize how well a given planetary object has been covered by 
imaging data. The Viking Orbiter VIS system has provided the best 
coverage to date for Mars (Snyder, 1979). However, because of 
competing imaging needs during the beginning of the mission and 
because of orbital changes, the image coverage is not uniform. 

Thus, we have investigated both how much of the surface area of Mars 
is covered by a given resolution (or better) and the distribution in 
map form of the coverage. 

If we assume that the VIS vidicon sample array of 1056 lines 
and 1182 samples properly samples the system limiting spatial 
frequency (e.g., the resolving power in cycles/mm) then no more than 
about 373 X 418 cycles could be properly sampled on the vidicon face 
plate, since TV lines are needed to assure proper sampling of a 
given spatial frequency. These values correspond to a resolving 
power of about 30 cycles/ram when the dimensions of the image on the 
vidicon are considered. According to Benesh and Thorpe (1975), at 
~30 cycles/mn, the came as have a contrast attenuation of ~0.5, or 
"50% of the scene contrast is attenuated. This contrast attenuation 
value is typically used to define the limiting spatial frequency or 
the resolving power of a system. We can thus consider the ground 
resolution of the VIS images to be ~2JT times the width covered by a 
picture element on the ground. 

To determine the areal coverage at some stated ground 
resolution or better we utilized data from frames 003A01 to 973A10, 
004B01 to 705B52, and 122S01 to 435S24. The planet was treated as 
an array of elements with 1® x 1' spacing and a computer search was 
conducted to find frames that cover a given grid intersection. If 
the ground resolution for a given frame was better than the value 
already assigned to the intersection, the new resolution value 
replaced the old value. The result is a map of the coverage with a 
stated ground resolution, which can be displayed as an image (Figure 
1). The image was generated both as a simple cylindrical projection 
and as a Lambert equal area projection. The brightness histogram 
from the latter image was used to generate the plot of ground 
resolution vs. areal coverage shown in Figure 2. These two data 
presentations are valuable adjuncts to understanding how well Ma<^s 
has been covered by imaging data. For instance, according to Figure 
2, somewhat less than 10% of the surface has been covered with image 
data that have a ground resolution of better than “100 meters. Less 
than 1% is covered with a resolution of better than ”30 meters and 
most of that coverage is in the northern midlatitudes. 
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Figure 2-Reso1ut1on coverage of Mars and the moon. Lunar data from 
Davies and Murray (1971). 
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VIKING ORBITER IMAGING STATUS REPORT 
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S. Winterhalter, Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, California 91109 


During Fiscal Year 1982 201,586 Viking Orbiter products were processed. 
These products were broken down into the following groups and distributed: 
original negatives- 5,929; 'plicate positives- 17,787; duplicate negatives- 
71,148; strip contact prints- 83,006; enlargements- 23,716. 

Systematic processing produced shading corrected and high pass filtered 
orthographic projection versions of these images in the form of negative 
rolls, strip contact prints and 8x10 inch enlargement prints. Systematic 
processing, lagging the receipt of data by years, finished the negative 
products in April 1982. As the photoproducts become available, they are 
distributed to Viking investigators. Regional Planetary Image Facilities, 
NASA and NSSDC. 

The strip contact prints are mosaicked to produce the most useful 
presentation of the Viking Orbiter images. Approximately 700 mosaics have 
been generated from the tirst 1,000 orbits of Viking Orbiters 1 and 2 about 
Mars. Thirty of these cover areas mapped during the Survey and Extended 
Missions. Nearly 400 more mosaics need to be produced. They will be 
comprised of 20 to 100 individual picture frames. Each mosaic will be 
annotated with Mars regie, al identification, ground scale bars, surface 
coverage and orientation indication as well as picture identification. 

The mosaics are then photographed for distribution. 8x10 inch negatives 
and prints, 4x5 inch negatives and 20x24 inch enlargements were distributed 
to the Regional Planetary Image Facilities, NASA and NSSDC. In order to 


cut down 

on costs, only 8x10 inch prints and 4x5 inch negatives will be 

distributed from October 1, 1982 on. 


The most recent Survey Mission mosaics produced are: 


211-5913 

Global Monitoring: Syrtis Major and Hellas 

0 Lat/320 Lon 

5914 

Global Monitoring: Elysium and Amazonis 

-18 Lat/148 Lon 

5915 

Global Monitoring: Tharis and Valles Marineras 

-6 Lat/ 43 Lon 

5930 

Olympus Mens 

17 Ut/133 Lon 

5931 

Arsia-Pavonis Bore Wave Study Board 1 

,5 Lat/125 Lon 6 20/107 

5932 

Arsia-Pavonis Bore Wave Study Board 2 

-12 Lat/119 Lon &-1.6/98 

5934 

Manga la, Survey II 

-6 Lat/159 Lon 

5936 

Survey 1 Mosaic 1979 

32 Lat/312 Lon 

5937 

Survey 1 Mosaic 1979 

31 Lat/312 Lon 

5938 

Survey 1 Mosaic 1979 

30 Lat/294 Lon 

5939 

Survey 1 Mosaic 1979 

29 Lat/291 Lon 

5944 

South of Olympus, IMC Mapping 

7 Lat/140 Lon 

5945 

A1 Qahira Mapping 

-19 Lat/190 Lon 

5946 

A1 Qahira Mapping 

-14 Lat/198 Lon 

5947 

A1 Qahira Mapping 

-22 Lat/181 Lon 

5948 

Manga la Mapping 

-7 Lat/152 Lon 

5949 

Mangala Mapping 

-2 Lat/145 Lon 

5950 

Memnonia Block Mapping 

-11 Lat/163 Lon 

5951 

Metnnonia Block Mapping 

-15 Lat/154 Lon 

5952 

Memnonia Block Mapping 

-10 Lat/163 Lon 

5953 

Memnonia Mapping 

-12 Lat/ 178 Lon 

5954 

Memnonia Mapping 

-20 Lat/166 Lon 
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211-5955 

Chryse Planitia 

5956 

Chryse Planitia 

5957 

Manga la and Memnonla 

5958 

Mangala and Memnonla 

5959 

Survey 1 Mosaic 

5960 

Survey 1 Mosaic 

5961 

Survey 1 Mosaic 

5962 

Survey 1 Mosaic 

5963 

Mareotls Fossae 

5964 

Tempe Fossae 

5965 

North Polar Monitor 


35 Lat/13 Lon 

35 Lat/20 Lon 

-.01 Lat/145 Lon 
5 Lat/140 Lon 
340 Lat/32 Lon 

350 Lat/33 Lon 

353 Lat/33 Lon 

335 Lat/32 Lon 

70 Lat/51 Lon & 87 Lat/43 Lon 

63 Lat/47 Lon & 52 Lat/43 Lon 


An atlas containing the location of all the Viking Orblter mosaics Is 
being compiled at this time. The mosaics are being located and outlined 
on 1:5,000,000 maps. 

This present research conducted at the Jet Propulsion Laboratory, 
California Institute of Technology under contract NAS 7-100 sponsored 
by the Planetary Geology Program, Office of Space Science and Applications, 
National Aeronautics and Space Administration. 
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Data from Planetary Science Mlsslone Available to Researchers 
Robert w. Vostreys, National Space Science Data Center, 

Goddard Space Flight Center, Code 601, Greenbelt, MD 20V71 

With the advent of a new era of decreased planetary exploration, data 
from past missions become of Increasing Importance to researchers* Ihe 
repository for most of the planetary data (as well as data from other 
space science missions) Is the National Space Science Data Center 
(NSSDC)* 

NSSDC was established by the National Aeronautics and Space 
Administration (NASA) to provide data and Information from space science 
e3q>erlments In support of additional studies beyond those performed by 
principal Investigators* In addition to Its main function of providing 
selected data and supporting Information for further analysis of space 
science flight experiments, NSSDC produces relevant publications* Among 
these are a report on active and planned spacecraft and experiments, a 
data listing, and various users guides* 

The Planetary and Heliocentric Spacecraft and Investigations volume of 
the Data Catalog Series of Space Science and Applications Flight Missions 
was recently published. It contains Information, by planet, on the 
investigations conducted for which NSSDC has data* The Data Set 
description volume will be published later this year* For lunar 
missions, the Catalog of Lunar Mission Data Is available. Virtually all 
the data available at or through NSSDC result from Individual experiments 
carried on board Individual spacecraft. The Data Center has developed an 
information system utilizing a spacecraft/lnvestlgatlon/data 
identification hierarchy. Table 1 summarizes the lunar and planetary 
investigations by planet. Table 2 summarizes them by discipline area* 


Table 1 

Spacecraft and Investigations by Planet 
for which NSSDC has Data 


Spacecraft 


Investigations 


Mercury 3 
Venus 1 3 
Moon 29 
Mars 8 
Jupiter 4 
Saturn 3 
Interplanetary 7 


14 

54 

93 

54 

46 

13 

36 




330 
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Tabl« 2 


Investigations by Discipline Area 
for which MSSDC has Data 



Lunar 

Planetary 

Iircerplanutary 

Imaging 

29 

22 

6 

Particles and Fields 

24 

49 

32 

Ultraviolet 

1 

8 

- 

Infrared 

- 

20 

- 

Radio Science and 
Celestial Mechanics 

12 

33 

6 

Atmospheres 

1 

40 

- 

Physical/Chemical Properties 

21 

9 

- 

Interplanetary Particles 

5 


12 


93 

181 

56 


NSSDC provides facilities for reproduction of data and for onsite data 
use. Resident and visiting researchers are invited to study the data 
while at the Data Center. The Data Center staff will assist users with 
additional data searches and with the use of equipment. In addition to 
satellite data, the Data Center maintains some supporting information and 
other supporting data that may be related to the needs of researchers. 

The services provided by MSSDC are available to any individual or 
organization resident in the United States and to researchers outside the 
United States through the World Data Center A for Rockets and Satellites 
(WDC-A-R&S) . Normally a charge is made for request data to cover the 
cost of reproduction and the processing of the request. The researcher 
will be notified of the charge, and payment must be received prior to 
processing the request. However, as resources permit, the Director of 
MSSDCAiuC>A-R&S may waive the chargo for modest amounts of data when they 
are to be used for scientific studies or for special educational purposes 
and when they are requested by an individual affiliated with: (1) NASA 

installations, NASA contractors, oi. KASA grantees i (2) other U.S. Govern- 
ment agencies, their contractors, or their grantees; (3) universities or 
colleges; (4) state or local governments; or (5) nonprofit organizations. 
A researcher may obtain data by a letter or telephone request, or an 
onsite visit. 

Data can be provided in a format or medium other than that originally 
lupplied by the principal investigators. For exan^le, magnetic tapes can 
be reformatted, conputer printout or microfilmed listings can be 
reproduced from magnetic tape, enlarged paper prints are available from 
data on photographic film and microfila, etc. The Data Center will 
provide the requester with an estimate of the response time, and when 
appropriate, the charge for such requests. When requesting data on 
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nuignetlc tap*, th* u*«r should specify whsth*r h* will supply nsw tapes 
after the data have been copied, or pay for new tapes. 

The Data Center's address for requests Is as follows: 

National Space Science Data Center 
Cod* 601.4 

Goddard Space Plight Center 
Greenbelt, Maryland 20771 
Phone: (301) 344-6695 

Researchers who reside outside the U.S. should direct requests for data 
to the following address: 

Vtorld Data Center A for Roctets and Satellites 
Code 601 

Goddard Space Pll^t Center 
Greenbelt, Maryland 20771 U.S. A. 

Phone (301) 344-6695 
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IMA6F. STORAGE AMD DI3?'lAY USING CONSUMER VIDEO TECHNOLOGY 
L.K. Bolef, McDonnell Center for the Space S'^iences, Washington 
University, St. Louis, Missouri, 63130 


Lunar and planetary Image data can be examined In pictoral 
form, the data can be digitally processed to extract Information, 
and In some cases data acquired for the same region over some time 
'pan can be viewed In movie form. We have examined ways of 
utilizing videotapes and videodisks as relatively In. xpensive 
(l.e. consumer technology) but Information dense media. We have 
Interfaced our BIRP search retrieval software to a SONY LDP-1000 
Industrial videodisk pl\>er to amine In analog, pictoral form 
those frames that meet BIRP searc. constraints. This "electronic 
browsing" system provides a user with a capability to search through 
Image engineering data and to then Irteractively examine the frames. 
We have also used a SONY PCM-1600 (used In recording studio audio) 
to encode a digital Viking Lander Image and to store the data on 
3/4" videotape In NTSC compatible ^?rmat. The Inverse operation was 
then performed to decode the da> ind to generate a digital Image. 
The two Images and tn.? picture difference are shown 1n Figure 1. 

With the error corrections Intrinsic to the PCM-1600, there was no 
degradation In Image quality. A one hour videotape would hold 
5xl0**9 bits of data at the recording density used to store the 
Viking Lander frame. We have also used the videotape recorder In 
animation studies where color-coded values of the topography of 
Earth and Venus were projected onto globes seen from an orbiting 
spacecraft. Several thousa^’d frames were generated that show an 
approach an_ orbit sequence for each planet. The frames were then 
written onto videotape In sequential form In order to generate the 
appropriate animation sequence. In order to properly sequence the 
placement of frames on the videotape, an encoder was built that 
places time code markers in the audio track. The frame locations 
were then keyed tc the code markers through the use of appropriate 
software. The overall Intent of these actlvties is to utilize 
existing, rci.sumer-drlven technologies to help reduce the costs of 
electronic handling and analysis cf data. 
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THE MARS CHANNEL WORKSHOP: A REPORT 


Komar, Paul D. , School of Oceanography, Oregon State University, 

Corvallis, Oregon 97331 

The Third Mars Channel Workshop was held at Timberline Lodge, east of 
Portland, Oregon, on 27-28 April 1982. This was followed by a two-day 
''‘eld trip to the Mount St. Helens region. Thirteen NASA investigators 
interested in martian channels participated in the workshop and field 
trip. 

In total, sixteen presentations were made at the workshop, summarizing 
our newly completed or on-going research. On average each talk lasted 
about an hour, although two individuals persisted for an hour and a half. 
There were also shorter "show-and-telV sessions where we could inspect 
the products of mapping efforts related to the martian channels. 

Several of the presentations dealt with the small valley systems, the 
origin and significance of which are still under debate. J. Laity 
presented the results of her investigation of sapping processes on the 
Colorado Plateau and comparisons with martian valleys. A. Howard and 
C. Kochel are involved in laboratory experiments and numerical models of 
sapping processes. V. Baker focused on the dissection of volcanoes by 
small channels where sapping has been important, comparing the dissection 
of Hawaiian volcanoes with those on Mars, suggesting that it may have 
been a significant process on the martian volcanoes. D. Pieri presented 
his results on the mapping of Margarifer Sinus. J. Boothroyd is in the 
midst of the first detailed analysis of "drainage basins" in the Ladon 
Vallis region, determining the areas of contribution to the small valleys. 
M. Carr is concerned with the stability of water and ice on Mars under 
various atmospheric conditions, especially focusing on the smaller-scale 
flows one presumably had in the valley networks. 

Other studies related more to the large outflow channels, investigations 
of their processes of formation, secondary alterations and mapping. C. 
Kochel and V. Baker have prepared a morphological ma^ of Mangala Vallis. 

B. Lucchitta has used the Earth ased radar transits of Mars to determine 
elevations and then gradients of four of the outflow channels, concluding 
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that Tiu and Simud are essentially level or even slightly reversed. She 
presented a model of origin for these channels which involved ponding of 
water into lakes which then overflowed catastrophically, carving the 
channels. M. Kalin described his field studies in north-central Iceland 
of the catastrophic floods produced by volcanic eruptions suddenly 
melting glaciers, relating the channels and deposits of these floods to 
their flow conditions. D. Numnedal described channels in the oceans 
formed by collapse and gravity flows, the observations being relevant to 
channel formation and slope processes on Mars. P. Komar has completed 
an analysis of streamlined islands on Earth and Mars, concluding that 
those on Mars did approach a least-drag configuration and must havc 
formed in fluid flows at high Reynolds numbers, most likely catastrophic 
water flows. 

It is of significance that all of the presentations acknowledged that 
water flows played the primary role in formation of both the small valleys 
and the large outflow channels. Although problems of interpretation 
remain, the ^Inw of water is identified as a necessary ingredient. There 
also appears to be a growing impression that there might have been a 
significant recycling of the water, especially in connection with the 
sapping processes. This and other evidence suggests that Mars has 
undergone climatic changes in the past with periods of more clement 
conditions. The small channel networks also appear to be more systematic 
than previously thought. They are not just random small channels, 
distributed over the martian surface without much order, but instead 
appear to belong to wel 1 -developed drainage systems. Locally they flow 
toward ancient trunk streams that may be precursors of the outflow 
channels. Some small valley networks and outflow channels may have 
belonged to the same integrated systems. 

The field trip to Mount St. Helens following the workshop was organ- 
ized by Mike Malin and Dan Dzurisin. We first took a two-hour charter 
flight around the volcano in order to obtain an overview of the blast 
area, the large mudflows and the effects of the flows that travelled down 
the river valleys. Two full days were then spent on the ground, mainly 



focusing on the mudflow deposits and the changes produced within the 
north and south branches of the Toutle River. The field trip was both 
scientifically worthwhile and exciting, the excitement including 
playing "chicken" with logging trucks and the discovery of a new 
sub-human species, hhjnkmi .'utu characterized by having one continuous 

eyebrow and a sadistic grin. 



THE GALILEAN SATELLITE GEOLOGICAL MAPPING PROGRAM, CONTINUED. 

B. K. Lucchitta, U.S. Geological Survey, Flagstaff, AZ 86001 

The Galilean Satellite Geological Mapping Program was established 
to Illuminate detailed geologic relations on the four large satellites 
of Jupiter. The program Involves about 40 Investigators from various 
universities, research Institutes, and government offices In the United 
States, England, Germany, and Italy. A total of twenty- four researchers 
have been assigned to map 10 quadrangles on Ganymede, 15 to map 6 
quadrangles on lo, and 4 to map 2 quadrangles on Europa. All maps are 
at a scale of 1:5,000,000 except for three of the lo maps, where high- 
resolution pictures permitted compilation of selected a»*eas at large 
scales. 

During 1982, the production of base materials has proceded as 
planned. Preliminary airbrush maps of central and southern Europa v«ere 
completed ard sent to the mappers to Initiate geologlvo mapping and for 
review. Collections of photographs prepared In Flagstaff were also 
supplied to the mappers; these photographs consisted of unfiUered 
(shading corrected) and hlgh-pass-fiUered versions of level 1 (cosmetic 
and radiometric corrections) and level 2 (map projection) Images. For' 
lo, the final photomosaics and brownline Cronaflexes of the three 
special (largescale) maps (Ra Patera, Kane Patera, and Maasaw Pate'^a) 
were transmitted to the mappers. Also completed and mailed was the 
airbrush version of the lo 1:5,000,000 map, J12. Image packages 
containing level 1 and level 2 pictures and available color composite-' 
of their respective quadrangles were forwarded to all lo mappers, 
including those whose base maps are not yet prepared. Preliminary 
airbrush versions of the 1:5, 000, 000-scale Jg7 and Jg8 quadrangles of 
Ganymede, as well as newly processed Images, were distributed to the 
respective mappers. The remaining Ganymede quadrangles exist as 
controlled photomosaics, and airbrushing is In progress. 

A meeting of all mappers was convened In Pasadena, Calif., In 
January 1982. The participants were Informed about the status of the 
program, updated production schedules for the delivery of base 
materials, and a change In the coordinates of the special map for lo's 
Ra Patera. Furthermore, preliminary small-scale geologic maps of lo, 
Europa, and Ganymede, published In the book "Satellites of Jupiter" (1), 
were discussed at the meeting. It was concluded that more detailed 
mapping than that on the preliminary maps Is essential to thoroughly 
understand the geologic history of the satellites and that the Galilean 
Satellite Geologic Mapping Program Is necessary to accomplish this task. 

References 

TT) Morrison, David, Satellites of Jupiter , University of Arizona 
Press, in press. 
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PLANETARY GEOLOGY SPEAKERS BUREAU: THE SECOND YEAR 

R. Greeley, Department of Geology and Center for Meteorite Studies, Arizona 
State University, Tempe, A2 85287. 

The Planetary Geology Speakers Bureau was established in the Spring of 1981 
and is now in its second year of operation. Fifteen Planetary Geology Princi- 
pal Investigators comprise the Bureau and are available to universities and 
research institutes to speak on a variety of topics (Table 1). Twice a year 
announcement for the program and a list of speakers and topics are sent to 
geoscience departments as listed in the American Geological Institute direc- 
tory. Arizona State University serves as doordinator for the program by se- 
curing the initial point of contact for the host institution and scheduling 
potential speakers. The host institution is expected to pay reasonable and 
customary expenses associated with the speaker’s travel. 

Experience has shown thus far that most speakers present a general lecture 
open to the public plus a more specialized seminar at the host institution. 

For additional information contact R. Greeley, Department of Geology, Ari- 
zona '^:tate University, (602) 965-7045. 


Table 1 


R.E. Arvidson 


J.M. Boyce 


F. El-Baz 


McDonnel Center for the 
Space Sciences 
Washington University 
St. Louis, MO 63130 

Mail Code EL-4 
NASA 

Washington, D.C. 20546 


National Air & Space Museum 
Smithsonian Institution 
Washington, D.C. 20560 


Geologic Evolution of Mars 
and Venus 

Remote Sensing of the Earth 


Impact Cratering Studies 
Strategy of Solar System 
Exploration 

Science Planning & Admin. 

The Deserts of Earth and Mars 
Studying the Earth icom Space 


R. Greeley 


Dept, of Geolcgy 
Arizona State University 
Tempe, AZ 85287 


Geologic Exploration of the 
Solar System 
Planetary Volcanism 
Aeolian (Wind) Processes 


J.W. Head, III 


Dept, of Geological Sciences 
Brown University 
Providence, RI 01912 


Tectonic, Geologic Evolution 
of the Terrestrial Planets 
Lunar and Planetary Impact 
Basins 


E.A. King Dept, of Geology 

University of Houston 
Houston, TX 77004 


Origin of Tektites, Chon- 
drites, Chondrules 
Apollo Explorations of the 
Moon 

The Lunar Samples 
The Origin of Asteroids 




{ 
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H« Masursky 


G.E. McGill 


D. Nummedal 


R«S* Saunders 


P*H* Schultz 


D.H. Scott 


E.M# Shoemaker 


J* Veverka 


U«S. Geological Survey 
2255 N* Gemini Drive 
Flagstaff » AZ 86001 


Dept* of Gpology & Geography 
University of Massachusetts 
Amherst, MA 01003 

Dept* of Geology 
Louisiana State University 
Baton Rouge, LA 70803 

Jet Propulsion Laboratory 
4800 Oak Grove Blvd., 183-501 
Pasadena, CA 91103 

Lunar & Planetary Institute 
3303 NASA Road 1 
Houston, TX 77058 


U*S. Geological Survey 
2255 N. Gemini Drive 
Flagstaff, AZ 86001 


U.S. Geological Survey 
2255 N. Gemini Drive 
Flagstaff, AZ 86001 

Center for Radiophysics & 
Research 

Cornell University 
Ithaca, NY 14853 


Satellites of the Outer 
Planets 

Geology of Venus 
Martian Polar 6 Channel 
Deposits 

Kinematics of Utah Graben 
Tectonics of Venus 


The Channels on Mars 
General Geology of Mars 


Extraterrestrial Geology 
The Geology of Venus 
Exploring the Solar System 

Target Earth 
Planetary Catastrophes 
Polar Wandering on Mars 
View from the Moon 
Martian Impacts: Clues for 
Geologic History 

Regional Geology of Mars 
Volcanic Provinces on Mars 
Terrestrial and Planetary 
Geology 

Farth-ciossing Asteroids 
The Galilean Satellites 


Phobos & Djlmos, Companions 
of Mars 

The Exploration of Comets 
Martian Weather: Dry, Cold & 
Windy 

lo: The Solar System* s 
Strangest Moon 
A Voyager View of Saturn & 
its Satellites 



DEVELOPMENTS OF 1 LANETARY GEOLOGY PROGRAMS IN FRANCE 


MASSO^^ Ph. , MERCIER, J. L.| Laboratoire de Geologie Dynamique Interne 
(ERA w 702), Universite Paris-Sud, 91 405 Orsay Cedex, France. 

Since tne previous report on Planetary Geology Activities and Develop- 
ments in France has been published in 1980 (1), the Planetary Image Facili- 
ty located in the Laboratoire de Geologie Dyneunique Interne (LGDI) of the 
Universite Paris-Sud (UPS) at Orsay (France) developed and served as a Regio- 
nal Facility for french users. 

The facility contains most of the Mariner, Viking and Voyager images 
provided by the World Data Center A for Rockets and Satellites (NASA Goddard 
Space Flight Center, Greenbelt, Md.) and by the NASA-Caltech Jet Propulsion 
Laboratory (Pasadena, Ca.). These data are available for consultation under 
different formats (paperprints, negative and positive films, and photomo- 
saics). The retrieval system based on microfiche library is in the process 
of beeing replaced by the Planetary Image Videodisc produced by JPL. Compute- 
rized data files for use by BIRP (2) in preparation at JPL will be availa- 
ble with the laboratory computers. In addition to planetary images, the fa- 
cility contains complete sets of currently published maps (shaded relief, 
topographic, geologic) of the Moon, Mars, Mercury, Venus and the satellites 
of Jupiter and Saturn. These maps are provided by the U. S. Geological Survey, 
Branch of Astrogeologic Studies (Flagstaff, Az.). The facility located on the 
Campus of UPS at Orsay, is supported by the Institut National d’ Astronomic 
et de Geophysique (INAG) du CNRS, and by the Centre National d*Etudes Spa- 
tiales (CNES). 

In addition to the optical equipments, such as microfiche reader, light 
table, image analyzer, zoomtransferscope and stereoscope, available for in 
situ image retrieval and analysis, a videodisc player and two computers with 
digital plotter and printer are now a* ailable for quick image retrieval and 
consultation. An image processing facility (Centre de Depouillement et de 
Synthese des Images, CDSI) operated by the Institut d’Optique (UPS, Orsay) 
and supported by CNRS, is available for image computerized processes and co- 
lorvideo enhancements. A new facility involving a digitizing table interfa- 
ced with the CNRS regional computer center (CIRCE, Orsay) is under comple- 
tion, and will allow production of thematic digitized maps. 

The Planetary Geology Programs under development or under completion 
in France with the planetary data available at Orsay, are mainly conducted 
in the framework of the NASA Planetary Geology Program, the Mars Data Analysis 
Program (MDAP), and the Jupiter Data Analysis Program (JDAP), by five groups : 
LGDI (UPS, Orsay), Laboratoire de Geographic Physique Zonale (Universite de 
Reims), Institut de Geographic (Universite de Nantes), Departement de Geo- 
graphic (Universite d’Orleans) and Institut de Physique du Globe (Universites 
de ParisVI-VII ) . These groups are supported by INAG in the framework of ATP 
"Planetologie" . They conduct four main types of studies : 

- structural analysis of Mars, 

- Comparative study of large basins in the Solar System, 

- Studies of erosional landforms and processes on Mars, 

- Theoritical studies and laboratory simulations of ice deformation 
on tne icy satellites of the giant planets. 
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The structural analysis of Mars is conducted at Orsay (LGDI, UPS). It 
aims to relate the tectonic structures ( faults i grabens, scarps, ridges) 
observed on the martian surface, to the internal structure of the planet 
'''nd to its structural evolution. A general inventory cf compressive-type 
structures (scarps, ridges) is under completion (1 Ph D in preparation) in 
cooperation with the Lunar and Planetary Institute (Houston, Tx) , (3). A 
geomorphic study of scarps and ridges is initiated at the Departement de 
Geographic (Universite d*Orleans). 

Comparative study of large basins in the Solar System are conducted 
at Orsay (4) in cooperation with the U. S. Geological Survey, Branch of 
Astrogeologic Studies (Flagstaff, Az.). This study aims to compare Mare 
Orientale on the Moon with Caloris Basin on Mercury and Argyre on Mars. 

Three geologic maps, at the same scale (1:5,000,000) and in stereographic 
projections centered on the basin centers, will be published jointly. Two 
preliminary maps (Orientale and Caloris) are completed. The third map (Argyre) 
is under completion. 

Comparative studies of eolian processes around the north polar cap of 
Mars with terrestrial analogs (especially North African deserts) are under 
completion at the Laboratoire de Geographie Physique Zonale (Universite de 
Feims). These studies were conducted in cooperation with the U. S. Geologi- 
cal Survey, Branch of Astrogeologic Studies (Flagstaff, Az.), the Universi- 
ty of Arizona (Tucson, Az.), and the Smithsonian Institute (Washington, D. C.). 
Detailed geomorphic studies of channels, fluvial-like features, erosional 
processes, and slope evolution of the Vallea Marineris and the Maja Vallis 
regions of Mars, are conducted at the Inst i tut de Geographie (Universite de 
Nantes). A preliminary geomorphic map of Valles Marineris is completed (5). 

Theoritical studies and laboratory simulations of ice deformation are 
conducted at the Institut de Phyaique du Globe (Universite Paris VI-VII) in 
order to contribute to the interpretation of the grooved terrains observed 
on Ganymede (6). These studies are conducted in cooperation with the Groupe 
de Recherches en Geodesie Spatiale (CRGS/CNES, Toulouse). 

Most of the results related to the research programs described above, 
were presented during the Planetology Workshop organized in Paris (February 
1932) by INAG (7). 
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BACKSCATTER TECHNIQUES AS APPLIED TO FI! GRAINED ROCKS WITH POSSIBLE 
APPLICATION TO MARTIAN AND LUNAR ROCKS. D.H. Kirinsley and K. Pye. 

Dept, of Geology.^ Arizona State University, Tempe, AZ 85287 
Dept, of Earth Sciences, University of Cambridge, CB2 3EQ, U.K. 

In the course of scanning electron microscopic observation of rock 
thin sections for use in martial eolian studies, we utilized a technique 
which has great potential in the study of fine grained materials of all 
kinds. It is use of the backscatter electron (BS) mode for the examination 
of rock thin sections: the technique produces, under the proper operating 
conditions, Z (atomic number) contrast and simulated 3*dimensional topo- 
graphy (Robinson, 1975; Robinson and Nickel, 1979; Hall and Lloyd, 1981). 

We concentrate here on the description of mudrock thin sections. 

Sedimentary petrologists have not studied mudrocks in thin section fre- 
quently because they are extremely fine grained, and using light micros- 
copy, many of the rock constituents cannot be resolved. Difficulties also 
arise due to the intermixing of various clay minerals and the comnon occur- 
rence of opaque hematite stain or organic material. Additionally, it is 
almost impossible to distinguish between quartz and feldspar in mudstones 
<^xcept in the few circumstances when feldspar is twinned. Since mudrocks 
comprise more than 50 percent of the stratigraphic column, the lack of data 
in this area comprises one of the most important unknowns in sedimentary 
geology. The technique is also applicable to other fine grained igneous and 
metamorphic rocks (Blatt, 1982). 

Standard thin sections of mudrocks were prepared in the normal manner, 
polished as finely as possible, and left uncovered. The specimens were then 
coated with approximately lOoS of carbon to eliminate charging (Goldstein, 
et al., 1981), mounted on S£M stubs, and examined with the SEM in the back- 
scatter mode at kVs ranging from 20 to 30. Useful photographs can be made 
up to about 10,OOOX; a non-dispersive X-ray unit should be available to 
determine elemental composition. 

Two samples were studied, a Devonian gray shale from Pennsylvania and an 
Upper Ordovician black mudstone from Wales, U.K, Three different types of 
backscatter detectors and rnicr scopes, in both the U.K. and the U.S.A., were 
used. Figure 1 is a normal secondary electron micrograph (SEM) of the 
Devonian shale; the magnification (0.55kX, 550X) should be doubled to give 
the actual magnification (llOOX). The last line under the X is a 10 micron 
marker. Figure 2 is a backscatter electron micrograph of the same area, at 
magnification of double 7A0X, or 1A80X. The 10 micron bar below the X is 
correct. Figure 3 is a backscatter electron micrograph of the Wales mud- 
stone; figure 4 was taken at another point in the same mudrock section. All 
of the bars at the bottom of these photographs represent 10 microns. 

Figure 1, an uncovered thin section tilted at about 45^, demonstrates the 
type of detail and information that normally can be obtained from thin sec- 
tions. Mineral alignment from southeast to northwest is very noticeable, 
but as always, it is next to impossible to lo<ute individual minerals, or to 
study their textural relationships, orientation, etc. Figure 2, however, 
displays a great deal of additional information when examined in conjunction 
with a non-dispersive X-ray unit — both atomic nuxnber contrast and topographic 
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relief. At least four mineral phases (quA^rtz, dspar, pyrite» illite) can 
be identified on the basis of their contrasty supported by X--ray microanal- 
ysis. Each mineral has its own topographic relief. Thi two large minerals 
in the approximate center of the photograph "lap" against each other and 
display a wealth of detail. The white mineral to the right (pyrite) has 
thin» dark planes running trough it, representing a different chemical com- 
position or mineral, anc is shattered. The composition, orientation, area, 
surface expression, and fracture/cleavage patterns could be studied in de- 
tail. Closeups of the same area have been taken at 7,000X, and the contacts 
between the mineral phases can be seei in great detail. 

Figure 3, the Wales mudstone, ccalains an egg-shaped group of pyrite 
framboids in the center of the micrograph, surrounded by a large number of 
phases, including illite, quartz, feldspar, and chlorite-mica stacks. In 
particular, the large chlorice-mica stack on the lower left of the framboid 
group consists of a series of light, brick-like fragments of chlorite, while 
the mica portion of the stack is composed of twisted fibers. Figure 4 is a 
detailed micrograph of one of these stacks, the lower portion being the 
fibers of mica and the upper, the "bricks" of illite. It looks as if the 
mica fibers were the last to grow, and disrupted the illite. If this, is 
true, it points the way toward an interesting solution of a complex dia- 
genetic growth problem. 

It is obvious, we believe, that the technique can be used to initiate a 
new or revitalized shale petrology, in which it will be possible to study in 
great detail grain orientation, contacts between grains, relative hardness, 
composition, pore space, surface area, etc., and finally, presumed paragene- 
sis. The technique can also be used to examine the details of fine grained 
cements in sandstones and limestones, and the fine grained components of 
netamorphic and igneous rocks. It should be of great value in planetary 
geology, not only in the study of rock thin sections, but also with respect 
to the fabric of presumed analogs to martian rocks. 
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PARTICLE ATTRITION DEVICE FOR EARTH .\ND MARS, D,H. Krinsley and J.R. 
Marshall, 

Dept, of Geology, Arizona State University, Tempe, AZ 85267 

Mail Stop 242-6, NASA-Ames Research Center, Moffett Field, CA 94035 

This investigation is concerned with the extent to which various basic 
mineral grains derived from basalt and associated rocks, which are presumed 
to exist on Mars, can withstand extensive abrasion. Hardly any information 
is available on the degree to which sand-size mineral grains will withstand 
extensive eolian transport, particularly under conditions characteristic of 
the martian surface. Glassy basalt, olivine, basic feldspar, pyroxene, aug*- 
ite, and quartz (for comparison, as a great deal is known about the eolian 
abrasion characteristics of this mineral) are prepared for abrasion in an 
eolian device specifically designed fcr this purpose, and described below. 

It is then hoped to plot the transport distance survival rate of the 
various basic minerals. Additionally, iniormation may be produced on the 
composition of eolian sands and dune fields on Mars, 

The particle attrition device (which has been constructed and is ready 
for use) consists of six particle-circulation chambers in which mobilization 
is achieved by air jets from a compressed air/regulator filtration system. 

It will eventually be equipped with electrostatic precipitators so that 
fines which have bean generated by the attrition process can be collected. 
The apparatus permits long-term testing of as much as several years, if 
necessary, and can handle particles between 100 and SOOOum in diameter at 
any reouired velocity. 

Although the device does not appear to function like a natural, open 
system, the surface textures produced on quartz particles bombarded in it 
are absolutely similar to natural surfaces, unlike the textures produced in 
a number of other experimental devices (Marshall, Whalley, and Krinsley, 
manuscript). Thus we feel confident that it will permit analog situations 
to be studied with a fair degree of accuracy. 

The tests will include studies of the longevity strength of particles 
under Earth and Mars conditions, textural evolnlion v;ith time, abrasion 
mechanism changes with time, and rates of rounding. Later, when electro- 
static precipitators are attached to the columns, rates of fines production 
and the types and amounts of fines produced will be examined. Particle 
velocity will be measured by high speed photography. 
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waitaan tan on loi k Unified Hod>l and M«ch>ni«m 
L.S.Crw^l«r and Robert 6. Strom 
Dept, of Rlanetary SclenoeSf unlv. of Arlaona 
Tucaon, Arliona 85721 

NuMrioml models Indioste that the observed llfetimes» the structure 
and the low-latitude oonoentratlon of active calderas and volcanic plvmes 
on Zo can restilt from the injection of silicate sills at the interface 
between a solid sulfur crust a few kilometers thick and a nilioate 
lithosphere from. IGO to 200 km thidc II]. 

The silicate magma trigger mode'i. of lo volcanism has been evaluated 
by considering the one-dimensional I'leat transfer bet%ieen hot silicate 
magma and initially oold sulfur. For a proable range of initial magma 
ten^ratures and initial sulfur cr«st teiqperat'jrest the contact between 
silicate magma and sulfur will be on the order of 700 or approximately 
the vapor point of elmnental sulfur (Figure 1). Taking the thickness of 
the silicate sill into account, this contact temperature will be main- 
tained for periods of several months to several years for intrusive sills 
of the order of lOm and 100 m respectively. This is in agre«unent with 
Inferred lifetimes for volcanic ploaes on lo. 

Similar methods have been used to demonstrate that the lifetime of 
sulfur lava lakes or dark-floored calderas, and the time scale for surface 
freeze-over is consistent with initially molten sulfur ponding to depths 
of between 10 to 100 m. Many of the structural features and albedo maurk- 
Ings on the floors of dark-floored calderas may be the result of verti- 
cal movements (i.e., sinking) of solidified sulfur crusts on molten lava 
lakes in which subsequent extrusion of molten sulfur has occurred. Con- 
centric fractures restilting from such movements may provide the channels 
for additional pluae-llke activity resulting in the dark diffuse deposits 
also associated with many calderas. 

Detailed area saasurements of the various albedo types in dark- 
floored calderas have been fitted with model teBq>eratures assimiing corre- 
lation with various sulfur allotropes. The total radiant heat (^19^ from 
all dark-floored calderas estimated by this means is 10^^ fo lO^^ezgs s~^, 
or about the same as that derived from recent terrestrial observations of 
lo at Infrared wavelengths 12). 

A unified model of lo volcanism has been developed %diich favors the 
followings Most of ths heat flow from lo is dissipated by advsctlon, not 
conduction, and the heat flow is modulated by the efficient transfer of 
heat from silicate melts generated at 100 to 200 km depth. Injected at the 
ulfur-silicate crustal interfaces and interacting with a sulfur crust 
about 2 km thick. 

For uniform global conductive heat flow, the prevailing temperature 
at the base of the stilfur crust will be lower at polar latitudes. Model 
results indicate that there is no sulfur vapor generated at the sulfur 
crust-silicate crust interface when the initial planetary surface tem- 
perature is about 80 to 90 K. Therefore, ths lade of observable plumes 
at the poles of lo may be a consequence of the colder i . rface tei^ratures 
at high latitudes. 
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prior to contact with silicote mogmo (*K) 

Figure i. Tenperatvurei: of the contact between molten sili te and solid 
sulfur for various initial sulfur and silicate melt tenper<«tures. 
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INTERFACING VIDEODISC PLAYERS AND MICROC(M>UmS 


Michael D* Martin and R* Stephen Saunders* Jet Propulsion Laboratory* Call- 
fornnla Institute of Technology* Pasadena* CA 91109 

This abstract describes activities within JPL's Planetary Inage Facil- 
ity utilizing an Apple II microcomputer to control the display of planetary 
Image data stored on optical videodiscs* These activities resulted In the 
development of two software/hardware systems which demonstrated the poten- 
tial for providing a user-friendly access capability to stored Information* 

The first demonstration system consists of an Apple II computer with 
48R of memory* an MCA/Dlscovlslon PR7820-2 Videodisc player and a Coloney 
Productions VAI-2 Videodisc Interface Card for the Apple II* Software for 
the system was written In The Applesoft BASIC language* The Interface card 
and accompanying software allow the user to control the videodisc player 
from the BASIC program by PRINT' Ing control commands with a special prefix 
character which are then captured by an object code routine stored In the 
Apple's memory and converted Into the appropriate one byte codes for trans- 
mission to the Videodisc player* Some of the commands are listed below: 


IN IT 

- 

Initialize videodisc player* 

PLAY (adr) 

- 

Initiate play niode at specified track address 

SLOWFWD (adr) 

- 

Initiate slow forward mode at address* 

SLOWREV (adr) 

- 

Initiate slow reverse mode at address* 

STEPFWD 

- 

Step videodisc one frame forward* 

STEPRBV 

- 

Step videodisc one frame backward* 

FIND (adr) 

- 

Search for frame* 

FDSPON 

- 

l\irn frame display on* 

FDSroFI 

- 

1\im frame display off* 

APPLE 

- 

Display Apple video on the monitor* 

VIDEO 

- 

Display videodisc image on the monitor* 

ABORT 

- 

A)ort current command* 

REJECT 

- 

Reject videodisc player* 


The play and slow commands also allow specification of an ending 
address (adrl* adr2) which will terminate that mode when that address Is 
reached* Other commands turn the audio channels on and off* check the 
status of the player and return the frame number currently being displayed 
by the player* An attractive feature of the Coloney Interface Is the 
Internal switching of the video display so that two separate monitors are 
not required* 

The demonstration developed using this Interface consists of a program 
which explains the capabilities of the videodisc player for storing single 
frame Imagery then cycles through a sample of each of the various commands 
utilizing material from the planetary Image test disc produced by Dlscovl- 
slon Asso* At the end of the automatic demonstration the user Is pronq)ted 
to take control of the playback by pressing any key on the Apple key- 
board* If no response Is made In 30 seconds the automatic demonstration 
continues* If a key Is typed a menu display appears which allow the user 
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to typ* on* I*tt*r coaMmd* to actlvat* th* v«*lou8 feature* of the video- 
disc player, including the play, alow and atep modes, frame display on/off 
and frame search capabllitias* lha user may also list a set of frequently 
accessed sagmants on the disc and select a sequence for playback* This 
menu list is stored in a text file and can be modified for any given appli- 
cation* 

the second system utilised the Apple II with a SONY Videodisc player 
Model LOP-1000 and an interface card supplied by SONY (not a commercially 
available product)* %ls system was also developed using Applesoft 
BASIC* The interface to the player was implemented in a more rudimentary 
fashion than with the Ccloney system and required command values (repre- 
sented by l-byte integers) to be put in certain memory locations then 
transferred to the player by an object code routine stored on the interface 
card* Ihls system required th* use of two monitors (one for Apple display 
and one for >ddeodisc images) end presented a graphic control screen fea- 
turing the various playback modes and capabilities of the SONY player* 
User input was via a Joystick equipped with pushbuttons* By manipulating 
the joystick a flashing cursor could be placed over the desired option* In 
jhe play mode slaply moving the joystick from left to right cycled the 
player through 22 different playback speeds (11 forward and 11 reverse)* 

Both demonstration systems were developed for specific events (the 
Coloney system for Planetfest '81 and the SONY system for the San Francisco 
Video exposition) and were designed more to demonstrate potential rather 
than to serve as working tools within the Image Facility* 

W* are currently developing software to allow the production and play- 
back of geology tutorials, using the Apple II to store and display text 
files which describe the images contained on the Planetary Image Videodisc* 
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THE ROLE OF PERMAFROST IN LARGE SCALE FAILURE ON MARS. 

Dag Nunmedal, Department of Geology, Louisiana State University, Baton Rouge, 

LA 70803. 

Over most of Martian history It appears as If mass movement. Including 
sliding, sliHPoing and gravity flowage, has been the dominant mode of sediment 
transport. Tnls may be due to lack of effective competing processes. Wind 
Is the only exogenic sediment transport agent on Mars today, and aeollan ero- 
sion appears not to be very effective (Nummedal , 1982). As a consequence, 

the morphology of the Martian surface assumes an overall appearance very different 
from most of the subaerial surface of the Earth. 

In terms of scale, topographic setting and morphologic detail, the 
assemblage of erosional features found on Mars is most closely related to the 
mass-movement morphology found on the earth's submarine continental margins 
(Nummedal, 1982; Nummedal and Prior, 1981). There Is no Indication, however, 
that a submarine environment was ever present on Mars. Rather, th\s paper 
presents the argument that the processes responsible for this remarkable morpho- 
logic suite were those presently active In terrestrial permafrost terrains. 

Mapping on Mars has Identified features morphologically similar to those 
commonly found in terrestrial permafrost regions. These Include clast* polygons 
and stripes (Carr and Schaber, 1977), a range of thermokarst features (Sharp, 

1973; Gatto and Anderson, 1975; Carr and Schaber, 1977), mass-movement deposits 
(Squyres, 1979; Lucchitta, 1978, 1981) and hlllslope features commonly found In 
permafrost terrains (Squyres, 1979; Lucchitta, 1981). It Is demonstrated In this 
paper that small, poorly Integrated drainage systems on Mars (valleys) also 
have their close analogs In arctic Alaska. 

This paper argues that also the larger-scale erosional features on Mars, 
channels, valleys and chaos, are permafrost-related. The process scenario is 
envisioned to be as follows: (1) Initial deposition of sediment In hydrologic 

basins permitting growth of Ice-bonded permafrost. Mapping on Mars has Indicated 
many areas of large-scale sediment "ponding" (Lucchitta and Boothroyd, pers. 
comm.). ( 2 ) Long-term decay of the Ice matrix, probably by sublimation. This 
process is most effective in equatorial latitudes where the adsorbed ice is-most 
readily exchanged with the atmosphere (Fanale and Cannon, 1974). (3) The re- 

duction in sediment strength thr'ough Ice matrix decay would ultimately lead to 
failure due to gravity- Induced stress even on very gentle slopes. Gravity 
flowage occurs on slopes as gentle as 0.2" on the Mississippi delta (Nummedal 
and Prior, 1981). (4) Retrograde failure of oversteepened headscarps formed In 
step (3) could expand the failure scar upslope. Loading of debris on unstable 
downslope sediments could cause renev.ed failure and consequent expansion of the 
^allure scar downslope. If meltwater was part of the process, these failures 
would be similar to arctic "thaw slumps" (Washburn, 1980). Similar features, 
however, could probably also occur In Martian "freeze dried" sediments. Mor- 
phologically, they would be expected to resemble submarine failure scars (Nummedal, 
1982). ' 

On Earth such permafrost featuers are of limited size because of modification 
by vegetation and rainfall. On Mars, however, where processes of mass movement 
would lack effective competition, the failures would grow to reach Immense size. 
Consequently, the morphology would assume scales and characteristics similar to 
those of t1\e submarine continental slope, the only morphogenetic province on 
Earth where mass-movement controls sediment transport. 
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Volcanism in Ice on Europa 


A. F. Cook, Herzberg Institute of Astrophysics, National Research 
Council, Ottawa (on leave from Smithsonian Astrophysical Observa- 
tory, Cambridge, Massachusetts), E.M. Shoemaker, L.A. Soderblom, 
K.F. Mullins, U.S. Geological Survey, Flagstaff and R. Fiedler, 
Dibias, Oberpf af fenhofen. 


The final frame of a crescent Europa taken during the 
third day after Voyager 2's encounter with Jupiter exhibits 
a bright spot on the southern part. This spot appears at a 
contrast far greater than seen for any other albedo feature on 
Europa. Image processing has shown that this bright feature 
extends beyond the bright limb at low light level. It cannot 
be seen to extend beyond the terminator. Its projected centre 
lies at longitude 27° E, latitude -31°. This is an area viewed 
in several other frames from both Voyager 1 and Voyager 2. Nc 
special feature is seen on these down to approximat''ly 2% con- 
trast. Also, all observed dark albedo features on the cres- 
cent match those on the USGS map of Europa. 

All low and high resolution images of Europa have been 
searched and yield no other variable feature. The observed 
active region did not show a deposit pattern, perhaps because 
it was either a new eruption or one which reappeared in a 
long dormant area. On the other hand there are a few \inusu- 
ally bright regions which exhibit a reduced contrast compared 
to most of Europa, but these showed no evidence of current 
activity aloft. 

Johnson al. (1982) have constructed multispectral 
mosaics of Europa. They suggest that sulfur ion implantation 
may explain a rather obvious difference between the trailing 
and leading faces of Europa. The former is exposed to an over- 
taking magnetosphere loaded with ions injected from lo. It 
must also be subject to sputtering by magnetospheric ions. 
Europa is also undergoing continuous erosion by meteoroids. 

The ionized atoms and smallest charged solid particles ejected 
by this bombardment will be swept away by the overtaking ir^g- 
retosphere of Jupiter. The remaining spall v/ili either escape 
or be redeposited over a rather large area. This spall does 
not completely obscure the structure of the ice field which 
must be active rather than a re?ic of the distant past. Evi- 
dently, multispectral composite images c t the highest resolu- 
tions are required for further progress in estimating the 
relative importance of these processes. 

It is entirely possible ^ hat the scattered light beyond 
the bright limb from this eruption is caused by a plume of 
very small ice crystals carr ing electrical charges and being 
transported by Lorentz forces. Accordingly we abstain from 
calculations based on a bal'.istic model. 

We wish to call attention to the fact that a liquid 
ocean under Europe's ice f .eld is subject to a resonant effect 
from Jupiter's tidal action at latitudes ± 30°. This is a 
resonance of the forcing frequency with the Coriolis fre- 
quency at these latitudes These may be enhanced by non- 
uniform bottom topography below possibly combined with non- 
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uniform thickness of ice above. 

I'his represents one phase of research carried out at JPi., 
Cal. Tech., under Contract NAS 700, sponsored by NASA and sup- 
ported by JPL at SAO and USGS and supported by the NASA Plane- 
tary Geology Program at SAO under Grant 953617. 
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